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Uiis  work  presents  a study  of  the  electrical  properties  of  semiconductors 
using  the  interaction  between  surface  acoustic  waves  luid  a semiconductor  in  th^ 
separated  meditm  configuration  (the  SAW  convolver).  This  study  has  been 
conducted  towards  developing  a new  technique  for  nondestructive  evaluation  of 
semiconductor  surfaces  using  surface  acoustic  waves.  Ohe  semiconductor  is 
placed  a small  distance  above  the  delay  line,  with  a uniform  alrgap  between  th^ 
two  media.  Although  there  is  no  mechanical  contact  between  the  two  media,  the 
electric  fields  associated  with  the  surface  acoustic  waves  penetrate  into  th 
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20.  Abstract  (continued  from  front) 


semiconductor  and  Interact  with  the  free  ciurrlers.  As  a result  of  this  non- 
linear interaction,  the  SAW  is  attenuated,  there  is  a change  in  the  SAW  velo 


city,  and  dc  acousto-electric  voltages  are  developed  across  the  semiconductor. 
In  the  case  of  two  oppositely  propagating  s\irface  waves,  voltage  proportional 
to  the  convolution  of  the  two  input  voltages  is  also  generated.  ^ 

A theory  for  the  SAW- semiconductor  interaction  in  flat-band*  ctodition, 
taking  into  account  both  majority  and  minority  carriers,  svirface  recmbination 
velocity,  and  the  free  carriers  lifetime  is  presented.  For  the  infimte  semi- 
conductor thickness  approximation,  simple  analytical  e^^essions  are  obtained 
for  the  propeigation  loss,  dc  acousto-electric  voltages,  and  convolutlo^ 
voltages.  For  finite  semiconductor  thickness,  numerical  solution  is  us^  to 
obtain  these  quantities.  For  the  off  flat-band  condition,  the  bulk  conduc- 
tivity is  replaced  by  an  effective  surface  conductivity.  Uie  effective  surfac* 
conductivity  is  related  to  the  semiconductor  surface  potential  through  the 
excess  charge  density,  in  the  space  charge  region,  and  the  surface  mobility  of 
the  carriers.  ’ ' 

The  semiconductor  on  llthlvon  nlobate  structure  (the  SAW  convolver)  is  usee 
to  determine  the  distribution  of  surface  states,  and  majority  carriers  capture 
cross  section  in  the  energy  gap.  This  nondestructive  testing  is  done  by 
observing  the  treuasient  response  of  the  attenuated  delay  line  output  during 
and  after  a hi^  voltage  dc  pulse  is  applied  across  the  semiconductor-delay 
line  structure. 

Raotoconductivlty  response  time  for  various  semiconductors  is  obtained  by 
observing  the  transient  response  of  the  attenuated  delay  1-ine  output  after  a 
pulse  of  light  is  applied  to  the  semiconductor. 

The  SAW  convolver  is  used  to  determine  the  absoi.  ^dge  and  the  loca- 
tion of  surface  states  in  the  energy  gap.  The  spectrea  rcoponse  of  the  delay 
line  attenuation  euad  the  dc  transverse  acousto-electric  voltage  are  used  to 
monitor  chemges  in  the  semiconductor  conductivity,  and  the  charge  trapped  in 
the  surface  states  due  to  optical  excitation.  Transverse  acoustoelectric 
voltage  inversion  is  observed  in  the  spectral  response  of  the  dc  acousto- 
electric  voltage  for  high  resistivity  semiconductor,  which  improves  the  sensi- 
tivity of  the  technique. 


1 


CONTENTS 

Page 


jpREFACE V 

ABSTRACT vi 

LIST  OF  FIGURES vili 

LIST  OF  TABLES  xlii 

LIST  OF  SYMBOLS  xiv 

I.  INTRODUCTION  1 

II.  SURFACE  ACOUSTIC  WAVE-SEMICONDUCTOR  INTERACTION  IN 

THE  SEPARATED  MEDIUM  STRUCOURE 8 

2.1  Basic  SAW-Semiconductor  Interaction  Mechanism  ....  8 

( 

2.1.1  Propagation  Loss 12 

2.1.2  Ihe  Acoustoelectric  Voltages  l6 

2.1. 3 33ie  Convolution  Voltages  18 

2.2  SAW-Semiconductor  Two-Carrier  Interaction,  Near 

Flat-band  Condition 21 

2.2.1  Introcutlon 21 

2.2.2  The  rf  Electric  Potential  in  the  Semi- 
conductor   23 

2.2.3  Semi-infinite  Semiconductor  Approximation  . 25 

2.2.4  Finite  Semiconductor  Thickness 35 

2.3  The  Effective  Stirface  Conductivity  Approximation 

for  the  Off  Flat-band  Condition  47 

2.3*1  SAW-Semiconductor  Interaction  in  the  Off 

Flat-band  Condition 47 

2.3.2  The  Space  Charge  Region 52 

2.3.3  111®  Effective  Siirface  Conductivity 55 

2.3*4  SAW-Semiconductor  Interaction  Dependence 

on  the  Semiconductor  Surface  Potential  ....  59 
2.3*^  The  Exact  Solution  for  the  Off  Flat-bauid 

Condition 65 


on  the  Semiconductor  Surface  Potential  ....  59 
2.3*^  The  Exact  Solution  for  the  Off  Flat-bauid 

Condition 65 


Page 

III,  SEMICONDUCTOR  SURFACE  EVALUATION  USING  THE  SAW 


CONVOLVER 69 

3.1  Introduction ' 69 

3.1.1  Experimental  Procedvire 69 


3.1.2  The  Propagation  Loss,  Transverse  Acousto- 
electric Voltage,  and  Convolution  Voltage  . 73 

3.2  Transient  Response  of  the  SAW  Propagation  Loss  ...  78 

Pulsed  Field  Effect  on  SAW  Attenuation  ....  78 

Dynamics  of  Surface  States-The  Schockley 

Read  Model 83 

Free  Ceurrier  Density  at  the  Semiconductor 

Surface  . 90 

Energy  and  Capture  Cross  Section  Distribu- 
tion of  Fast  Surface  States  9i 

Slow  Surface  States  104 

3.3  Transverse  Acoustoelectric  Voltate  Inversion  I08 

3.4  Photoconductivity  Study  using  SAW  Convolver  U6 

3.5  Semiconductor  Surface  Study  using  SAW  Velocity 

Change 133 

IV.  SEMICONDUCTOR  SURFACE  SPECTROSCOPE  USING  THE  SAW 

CONVOLVER 140 

4.1 

4.2 


4.3 

4.4 


4.5 


V.  SUMMARY 176 

VI.  REFERENCES  l8l 


VI.  REFERENCES  l8l 


Absorption  Process  in  Semiconductors  l40 

Transverse  Acoustoelectric  Voltage  Inversion 
and  Its  Application  to  Semiconductor  Surface 

Study:  CdS  142 

Determination  of  Absorption  Edge,  and  Surface 

State  Locations  in  GaAs  using  the  SAW  Convolver  . . I59 

Semiconductor  Spectroscopy  using  the  Transient 

Delay  Line  Attenuation I66 

The  SpectrsJ.  Response  of  the  Convolution  Voltage  . I70 


3.2.1 

3.2.2 

3.2.3 

3.2.4 

3.2.5 


Preface 


This  technical  report  was  prepared  by  the  Microwave  Acoustics 
Laboratory,  Electrical  and  Systems  Engineering  Department  of  Rensselaer 
Polytechnic  Institute,  Troy,  New  York.  The  partial  supports  for  this 
work  cane  from  National  Science  Foundation  grant  no,  ^ng.  074-22688 
(Dr.  00  H.  Harris,  project  monitor)  and  Office  of  Naval  Research 
contract  no.  N00014-75-0772  (Dr.  D.  K.  Ferry,  project  monitor). 

This  report  summarizes  the  work  related  to  determination  of  elec- 
trical properties  of  Semiconductors  using  SAW.  Part  of  this  work  has 
already  been  jnibllshed  (References  55,  61-70)  and  other  parts  will  be 
published  in  the  near  future.  The  objective  of  this  report  is  to  present 
all  the  information  in  one  place  coherently. 

Dr.  M.  E.  Motamedi  and  Mr.  R.  T.  Webster  have  contributed  sig- 
nificantly as  co-authors  of  many  papers  included  in  this  report. 

Mr.  H.  Estrada-Vasquez,  Mr.  Collin  Lanzl  and  other  students  in  the 
laboratory  have  provided  help  in  experimental  set-up  from  time  to  time. 
Finally,  a major  psirt  of  this  report  forms  the  Ih.D. Thesis  of  Mr. 

H.  Gilboa. 


V 


semiconductors  using  the  interaction  between  surface  acoustic  waves 
and  a semiconductor  in  the  separated  medium  configuration  (the  SAW 
convolver).  This  study  has  been  conducted  towards  developing  a new 
technique  for  nondestructive  evaluation  of  semiconductor  svirfaces 
using  surface  acoustic  waves.  The  semiconductor  is  placed  a small 
distance  above  the  delay  line,  with  a uniform  airgap  between  the 
two  media.  Although  there  is  no  mechanical  contact  between  the  two 
media,  the  electric  fields  associated  with  the  surface  acoustic 
waves  penetrate  into  the  semiconductor  and  interact  with  the  free 
carriers.  As  a result  of  this  nonlinear  interaction,  the  SAW  is 
attenuated,  there  is  a chemge  in  the  SAW  velocity,  and  dc  acousto- 
electric voltages  are  developed  across  the  semiconductor.  In  the 
case  of  two  oppositely  propagating  surface  waves,  voltage  proportional 
to  the  convolution  of  the  two  input  voltages  is  also  generated. 

A theory  for  the  SAW-semiconductor  interaction  in  flat- 
band  condition,  taking  into  acco\ant  both  majority  and  minority 
carriers,  surface  recombination  velocity,  and  the  free  carriers  life- 
time is  presented.  For  the  infinite  semiconductor  thickness  approxima 
tion,  simple  aneOytical  expressions  are  obtained  .for  the  propagation 
loss,  dc  acoustoelectric  voltages,  and  convolution  voltages.  For 
finite  semiconductor  thickness,  numerical  solution  is  used  to  obtain 


these  quantities.  For  the  off  flat-band  condition,  the  bulk  conduc- 
tivity is  replaced  by  sui  effective  surface  conductivity.  The  effec- 
tive surface  conductivity  is  related  to  the  semiconductor  surface 
potential  through  the  excess  charge  density,  in  the  space  charge 
region,  and  the  surface  mobility  of  the  carriers. 

The  semiconductor  on  lithium  niobate  structure  (the  SAW 
convolver)  is  used  to  determine  the  distribution  of  surface  states, 
and  majority  carriers  capture  cross  section  in  the  energy  gap. 

This  nondestructive  testing  is  done  by  observing  the  transient 
response  of  the  attenuated  delay  line  output  during  and  after  a high 
voltage  dc  pulse  is  applied  across  the  semiconductor-delay  line 
structaire. 

Riotoconductivlty  response  time  for  various  semiconductors 
is  obtained  by  observing  the  transient  response  of  the  attenviated 
delay  line  output  after  a pulse  of  light  is  applied  to  the  semicon- 
ductor. 

The  SAW  convolver  is  used  to  determine  the  absorption  edge 
and  the  location  of  surface  states  in  the  energy  gap.  The  spectral 
response  of  the  delay  line  attenuation  and  the  dc  transverse  acousto- 
electric voltage  are  used  to  monitor  changes  in  the  semiconductor 
conductivity,  and  the  charge  trapped  in  the  surface  states  due  to 
optical  excitation.  Transverse  acoustoelectric  voltage  inversion  is 
observed  in  the  spectral  response  of  the  dc  acoustoelectric  voltage 
for  high  resistivity  semiconductor,  which  improves  the  sensitivity 
of  the  technique. 


vii 


LIST  OF  FIGURES 


Fig.  2.1  The  SAW  Convolver  Structure  9 

Fig.  2.2  Propagation  Less  vs.  Conductivity  with  Frequency 

as  a Parameter  30 

Fig.  2.3  Transverse  Acoustoelectric  Voltage  vs. 

Conductivity  with  Frequency  as  a Parameter  31 

Fig.  2.4  Longitudinal  Acoustoelectric  Voltage  vs. 

Conductivity  with  Frequency  as  a Parameter  32 

Fig.  2.5  Convolution  Voltage  vs.  Conductivity  with  the 

Frequency  as  a Parameter 36 

Fig.  2.6  Propagation  Loss  vs.  Conductivity  with  the 

Frequency  as  a Parameter  (Log  scale)  40 

Fig.  Propagation  Loss  vs.  Conductivity  with  the 

’^reqxiency  as  a Parameter  (Log  scale)  4l 

F Transverse  Acoustoelectric  Voltage  vs.  Conductivity 

with  Frequency  as  a Parameter  (Log  scale)  42 

Fig.  2.9  Transverse  Acoustoelectric  Voltage  vs.  Conductivity 
with  Frequency  as  a Parameter  (Log  scale)  43 

Fig.  2.10  Longitudinal  Acoustoelectric  Voltage  vs.  Conduc- 
tivity with  Frequency  as  a Parameter  (Log  scale).  44 

Fig.  2.11  Longitudinal  Acoustoelectric  Voltage  vs.  Conduc- 
tivity with  Frequency  as  a Parameter  (Log  scale).  45 

Fig.  2.12  SAW  Velocity  Change  vs.  Semiconductor  Conduc- 
tivity   46 

Fig.  2.13  Propeigation  Loss  vs.  Surface  Recombination  Velo- 
city with  Bulk  Conductivity  as  a Parameter 48 

Fig.  2.14  Transverse  Acoustoelectric  Voltage  vs.  Surface 
Recombination  Velocity  with  Bulk  Conductivity 
as  a Parameter  49 


Fig.  2.15  Energy  Band  Diagram 51 


viii 


1 

. A . . . 

• 

• 

Page 

‘ 

Fig. 

2.16 

Propagation  Loss  vs.  Semiconductor  Surface 
Potential  with  Bulk  Resistivity  as  a Parameter  . . 

60 

Fig. 

2.17 

Transverse  Acoustoelectric  Voltage  vs.  Semicon- 
ductor Siirface  Potential  with  Bvilk  Resistivity 
as  a Parameter  

61 

Fig. 

2.18 

Longitudinal  Acoustoelectric  Voltage  vs.  Semicon- 
ductor Surface  Potential  with  Bulk  Resistivity  as 
a Paramp-hp-p  

62 

Fig. 

2.19 

Convolution  Volteige  vs.  Semiconductor  Surface 
Potential  with  Bulk  Resistivity  as  a Parameter  . . 

63 

Fig. 

2.20 

SAW  Velocity  Change  vs.  S\arface  Potential 

64 

Fig. 

3.1 

Schematic  of  the  Experimental  Set-up  

71 

Fig. 

3.2 

(a)  rf  Input  Pulse  to  the  Delay  Line  

(b)  Attenuated  and  Delayed  Output  

(c)  Transverse  Acoustoelectric  Voltage  

(d)  rf  Output  Pulse  from  the  Delay  Line  

76 

76 

76 

76 

i 

• 

Fig. 

3.3 

Auto-convolution  of  Two  rf  Pulses  

77 

' 

: 

• 

Fig. 

3.4 

Atten\aated  rf  Pulse  while  an  External  dc  Pulse  is 
Applied  Across  the  Semiconductor  Delay  Line 
Structure  

79 

Fig. 

3.5 

Dynamics  of  Surface  States  in  Accumulation  

84 

Fig. 

3.0 

Dynamics  of  Surface  States  in  Depletion  

85 

Fig. 

3.7 

Steady  State  Propagation  Loss  vs.  External  dc 
Bias  

92 

Fig. 

3.8 

Propagation  Loss  Relaxation  During  Depletion  Bias 

95 

Fig. 

3.9 

Propagation  Loss  Time  Constant  After  the  Negative 
dc  Bias  is  Removed  

98 

Fig. 

3.10 

Capture  Cross  Section  vs.  the  Change  in 
Semiconductor  S\arface  Potential 

100 

' 

• 

Fig. 

3.1J- 

Density  of  Surface  States  vs.  the  Change  in  Semi- 
conductor Svirface  Potential 

101 

• 

ix 

< 

Page 


Fig.  3.12  Trajisient  Response  of  the  SAW  Propagation  Loss 
for  10  ohm-cm  n-type  Si  with  High  Density  of 
Surface  States  103 

Fig.  3.13a  Transient  Response  of  the  Delay  Line  Atteniiation 

Dominated  by  Slow  Surface  States  105 

Fig.  3.13b  Time  Constant  of  the  Delay  Line  Attenuation  vs. 

Light  Intensity  107 

Fig.  3.14  Transverse  Acoustoelectric  Voltage  Inversion  — . 109 

Fig.  3.15  Peak  Transverse  Acoustoelectric  Voltage  at  the 
Beginning  of  the  rf  Pulse  and  the  Difference 
Between  the  Two  Peaks  vs.  Light  Intensity  lU 

Fig.  3.16  Peak  Transverse  Acoustoelectric  Voltage  vs.  Input 

Voltage  to  the  Interdigital  Transducer  II3 

Fig.  3.17  Peak  Transverse  Acoustoelectric  Voltage  vs. 

Light  Intensity  for  Silicon,  10  ohm-cm,  n-type, 
and  GaAs,  O.7  ohm-cm  n-type 115 

Fig.  3.18  Block  Diagram  for  the  Photoconductivity  Study 

using  the  SAW  Convolver II9 

Fig.  3.19  Riotodiode  Response  to  the  Pulse  of  Light 121 

Fig.  3.20  Riotoconductivity  Decay  as  Observed  by  the 

Delay  Line  Output  of  Grade  A CdS 122 

Fig.  3.21  Photoconductivity  Decay  vs.  Time  for  Si  10  ohm-cm 

n-type  123 

Fig.  3.22  Logarithm  of  the  Delay  Line  Attenuation  vs.  Time 

for  Si  10  ohm-cm  n-type  125 

Fig.  3.23  Logarithm  of  the  Delay  Line  Attenuation  vs.  Time 

for  CdS  Grade  A 10°  ohm-cm  n-type  126 

Fig.  3.24  Logarithm  of  the  Delay  Line  Attenviation  vs.  Time 

for  GaAs  0.7  ohm-cm  n-type 127 

Fig.  3.25  Riotoconductivity  Decay  while  an  External  dc 

Bias  is  Applied  132 


X 


Page 


Fig.  3.26  Experimentr.l  Arrangement  for  Observing  SAW 

Velocity  Cnange  I3U 

Fig.  3.27  M\alti exposure  Riotograph  Showing  the  Variation 

of  Mixer  Output  as  a Function  of  Frequency  I36 

Fig.  3.28  SAW  Velocity  Disturbed  by  an  Externally  Applied 

dc  Bias  I37 

Fig.  4.1  Equivalent  Circuit  for  the  Transverse  Acousto- 
electric Voltage 143 

Fig.  4.2  Transverse  Acoustoelectric  Voltage  l45 

Fig.  4.3  Plot  of  Peak  Transverse  Acoustoelectric  Voltage 

as  a Function  of  the  Input  rf  Voltage 14T 

Fig.  4.4  Transverse  Acoustoelectric  Voltage  for  Various 

Wavelengths  of  Light  for  Grade  A CdS  l48 

Fig.  4.5  The  Spectral  Response  of  the  Peak  Transverse 
Acoustoelectric  Voltage,  Measured  at  the 
Beginning  of  the  rf  Pulse  in  Grade  A CdS  IU9 

Fig.  4.6  The  Spectral  Response  of  the  Peak  Transverse 
Acoustoelectric  Voltage  Measured  at  the 
Beginning  of  the  rf  Pulse  in  UHP  CdS  I5I 

Fig.  4.7  Photoconductivity  and  Transmission  Spectrum  for 

Grade  A and  UHP  CdS  153 

Fig.  4.8  Acoustoelectric  Voltage  for  Various  Wavelengths  of 

Light  for  n-type  GaAs 161 

Fig.  4.9  Plot  of  I^ak  Acoustoelectric  Voltage  as  a Function 

of  the  Wavelength  of  Light I62 

Fig.  4.10  Plot  of  Delay  Line  Attenuation  as  a Function 

of  Wavelength  of  the  Light l64 

Fig.  4.11  Attenuated  Delay  Line  Output  for  n on  GaAs, 

■fcdien  an  External  dc  Voltage  is  Applied  Across  the 
Semiconductor  and  LiNbO_  such  that  the  Semicon- 
ductor Surface  is  Depleted I68 

Fig.  4.12  Plot  of  the  Attenuation  of  Delay  Line  Output  for 
n on  n"^  GaAs,  as  a Function  of  the  Wavelength  of 
Light 169 

xi 


Page 


Fig.  4.13  Attenuated  Delay  Line  Output  for  n on  n^  GaAs, 
\dien  External  dc  Voltage  is  Applied  Across  the 
Semiconductor  and  LiNbO.  such  that  the  Semicon- 
ductor Surface  is  AccumoLated 


171 


Fig.  4.l4  Plot  of  the  Time  Constant  Associated  with  the 

Retiim  to  Steady  State  in  Delay  Line  Output  for 
n on  n'*'  GaAs,  as  a Function  of  the  Wavelength 
of  Light 172 


Fig.  4.15  Experimental  Arrangement  for  Measuring  the  SAW 
Convolution,  Transverse  Acoustoelectric 
Voltage  and  Atteniiation 174 


Fig.  4.16  The  Spectral  Response  of  (a)  the  Convolution 
Voltage,  and  SAW  Attenuation;  (b)  the  Peak 
Transverse  Acoustoelectric  Voltage  175 


LIST  OF  TABLES 


Excess  Trapped  Carriers  in  Stirface  States, 

Filling  Time  Constant  and  Eaiission  Time 

Constant  for  Various  Changes  in  Surface  Potential  99 


Table  3.2  Hiotoconductivity  Response  Time  for  Various 
Materials 

Table  4.1  Wavelength  (in  nm)  in  ■which  Feeds:  Transverse 

Acous'toelec'tric  Voltage  Translstlon  or  Maxima 
is  Observed  in  CdS  


Table  4.2  Observed  Surface  States,  Absorption  Edge  and 
Surface  Absorption  in  CdS 


LIST  OF  SYMBOLS 


D 

H 

E 


j(2co) 


q 


displacement  field 

magnetic  field 

electric  field 

rf  electric  field 

nonlinear  current  density 

SAW  power/width 

acoustoelectric  field 

convolution  voltage/unit  SAW  power  input 

gate  voltage 

SAW  velocity 

piezoelectric  substrate  thickness 

SAW  ft*equency 

SAW  wavelength 

optical  generation 

mechanical  displacement 

angular  frequency 

SAW  wave  nvmiber 

svurface  impedance 

semiconductor  surface  Impedance 

attenuation  constant 

semiconductor  permittivity 

effective  piezoelectric  permittivity 

vacuum  permittivity 

electronic  charge 

Boltzman  constant 


xiv 


conductivity 

mobility  (also  with  subscripts  n (electron),  p (hole)) 

diffusion  constant  (only  with  subscripts  n and  p) 

dielectric  relaxation  frequency  (also  with  subscripts  n and  p) 

diffusion  frequency  (also  with  subscripts  n and  p) 

intrinsic  carrier  density 

electron  density 

bulh  electron  density 

excess  rf  electron  density 

conduction  band 

Fenni  level 

surface  state  level 

dc  potential 

bulk  potential 

reduced  notation  for  the  potential 
reduced  notation  for  bulk  potential 
photoconductivity  response  time 
recombination  time  constant 
trapping  time  constant 
hole  density 
bulk  hole  density 
excess  rf  hole  density 

current  density  (also  with  subscripts  n and  p) 
charge  density 


I , HIP  JIJ.IIII.  iiiyiJJ 


L 

d 


u 


U 


ns 


ps 


excess  rf  cliarge  density 
semiconductor  length 
semiconductor  thickness 

carrier  lifetime  (eJ.so  with  subscripts  n and  p) 
intrinsic  Debye  length 
extrinsic  Debye  length 

density  of  trapped  electron  in  sxirface  states 
total  density  of  surface  states 

density  of  free  electrons  on  the  semi  conductor  siirface 

electron  capture  probability 

electron  emission  probability 

thermal  velocity 

capture  cross  section 

surface  states  emission  time  constant 

surface  states  filling  time  constant 

reduced  notation  for  surface  potential 

surface  bending  potential 

electron  surface  mobility 

hole  siurface  mobility 

surface  recombination  velocity 


xvi 


CHAPTER  I 


INTRODUCTION 

Ihis  work  is  concerned  with  the  application  of  surface 
acoTistic  waves  (SAW)  to  nondestructive  evaluation  of  semiconductor 
surfaces.  A separated  medium  convolver  is  used  in  this  study.  In 
this  device  s\irface  acoustic  waves  propagating  on  a piezoelectric 
substrate  interact  with  carriers  in  a neighboring  semiconductor.  The 
piezoelectric  «uid  the  semiconducting  media  have  their  surfaces 
mechanicedly  isolated  from  one  another  due  to  the  presence  of  an  air 
gap.  The  acoustoelectric  coupling  is  achieved  through  the  electric 
fields  which  acccanpany  the  surface  waves.  These  electric  fields  also 
exist  outside  the  piezoelectric  substrate  and  can  penetrate  into 
the  semiconductor. 

Coupling  of  the  acoustic  wave  to  mobile  charge  carriers 

was  first  reported  by  Nine^  who  observed  that  the  attenuation  of  bulk 

acoustic  waves  in  photoconductive  CdS  varied  with  illxanination. 

Hutson,  et  al.,^'^  demonstrated  that  ultrasonic  wave  amplification 

could  be  obtained  ^dien  the  mobile  carrier  drift  velocity  was  greater 

than  that  of  the  sound.  A detailed  theory  of  bulk  ultrasonic  ampll- 

U 

flcation  is  given  by  White. 

The  introductir^n  of  the  Interdigital  transducer,^  gave  way 

» 

I 

to  an  efficient  method  for  the  excitation  of  surface  acoustic  waves, 
and  hence,  the  interaction  jiienoniena  between  acoustic  waves  and  free 
carriers  was  extended  to  surface  waves. 


2 


I 


I 

I 


fj 
6 1 


I I 


I 


In  the  SAW  interaction  with  free  carriers  the  semiconductor 

medi\im  can  he  either  separated  from  the  piezoelectric  substratj 

(separated  medium)  or  directly  dei»sited  on  it,  thus  forming  a mono- 
6-8 

lithic  structure.  ~ There  is  also  a third  family  of  devices  which 
employ  piezoelectric  semiconductors  such  as  GaAs^^^*^  (combined  medi\jm). 

The  theory  for  efficient  excitation  of  surface  acoustic 
waves  on  a piezoelectric  substrate  was  first  developed  by  Campbell 
and  Jones.  Ingebrigtsen  * used  these  results  to  develop  the 
theory  for  the  propagation  loss  of  SAW  due  to  various  electromagnetic 
boundary  conditions,  especially  the  interaction  of  SAW  with  carriers 
in  a semiconducting  film  on  the  piezoelectric  substrate.  The  ampli- 
fication of  SAW  in  the  composite  structure  consisting  of  a semicon- 
ductor spaced  a small  distance  away  ftom  the  piezoelectric  was  first 

l4 

reported  by  Lakin  and  Shaw.  Several  authors  published  theories 

on  the  interaction  of  SAW  with  free  carriers  in  a semiconductor,  ^ 

however,  they  only  covered  the  flat  band  case  of  a highly  extrinsic 

20  21 

semiconductor  with  perfect  surfaces.  Lately  ^ some  work  has  been 
done  to  extend  these  theories  to  hi^  resistivity  materials,  and  off 
flat-band  condition.  The  work  by  Takada  et  al.,  assumes  near  flat- 
band  condition  and  infinite  semiconductor  thickness.  The  work  by 
Gautier  et  al.,  assumes  an  extrinsic  semiconductor  such  that  the  SAW 
losses  can  be  ignored. 

The  interaction  of  SAW  with  free  carriers  in  a semiconductor 

is  particularly  interesting  for  VHF  signal  processing  and  optical 

imaging.  Linear  interaction  gives  rise  to  surface  acoustic  wave 

l4 

amplifiers.  Based  on  the  nonlinear  interaction,  parametric  signal 
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processing  using  SAW  has  been  developed  over  the  last  few  years. 

Under  the  label  of  'parametric'  we  Include  all  the  techniques  by 

whlch^  from  two  input  signals,  one  can  generate  a third  one  at  the 

sum  or  difference  frequency.  A parametric  processor  must,  therefore. 

Include  a nonlinear  mechanism  responsible  for  the  coupling  between 

the  waves.  Of  such,  there  are  two  major  nonlinear  mechanisms.  The 

first  is  the  acoustic  nonlinearity  of  the  acoustic  medium  itself 

throiagh  which  the  acoustic  waves  propagate.  In  the  second  mechanism, 

the  electric  field  associated  with  the  acoustic  waves  interacts  with 

charge  carriers  in  a semiconductorj  and  wave-wave  coupling  is  achieved 

through  the  space  charge  nonlinearity.  The  piezoelectric  nonlinearity 

is  limited  and  the  device  efficiency  is  very  low.  On  the  other  hand, 

the  separated  medium  nonlinearity  can  be  very  strong,  much  more  than 

- the  combined  medium  nonlinearity,  but  correspondingly  the  technology 

is  heurder  to  implement.  Real-time  signal  processing  systems  and 

devices  for  convolution,  correlation,  Fourier  transformation,  inverse 

Fourier  transformation,  pulse  compression,  match  filtering,  time 

inversion  and  ambiguity  function  generation  have  been  b\iilt  and  these 

functions  demonstrated  (see  J.  D.  Maines,  et  al.,  and  R.  M.  Hays, 

22  2^ 

et  al..  Review  Papers).  * 

24 

Optical  signal  processing  and  imaging  using  the  nonlinear 
interaction  of  SAW  and  free  carriers  in  the  separated  medium  structure 
are  based  on  the  fact  that  the  coupling  between  these  two  media 
depends  on  the  electronic  properties  of  the  semiconductor  surface; 
specifically  the  sixrface  conductivity  and  the  surface  state  charge 


k 


density.  The  surface  conductivity  emd  surface  potential  both 
determine  the  propagation  loss  and  the  interaction  strength.  Due  to 
the  photoconductivity  of  the  semiconductor,  these  surface  parameters 
V6try  locally  according  to  the  Intensity  of  the  light  illuminating 
the  semiconductor  surface.  Thus,  the  interaction  of  SAW  *uid  a semi- 
conductor can  be  used  as  an  optical  image  sensor,  and  if  scanning 
mechanism  is  desired,  one  can  use  for  example,  a short  ^W  pulse. 

When  this  pulse  moves  along  the  semiconductor  the  acoustoelectric 
voltage  or  the  convolution  voltage,  record  the  surface  condition 
along  the  semiconductor. 

Acoustic  memory  devices  have  recently  become  of  more  interest. 

In  general,  the  physicel.  jdienomenon  underlying  the  memory  effect  is 

25  26 

charging  of  the  surface  or  volume  traps,  •'  or  charging  of  capaci- 

27 

tors  associated  with  diode  surrays.  The  parametric  interaction  of 


two  acoustic  waves  of  angular  frequency  <0  and  wave  nxjmber  k,  gives 
rise  to  a dc  electric  field  in  the  form  of  a spatially  periodic  array 
with  wave  number  2k.  This  dc  term  generates  a dc  electron  cvirrent 
\diich  produces  a trapped  charge  grating.  The  retvirn  to  equilibrium 
can  be  very  slow  in  special  cases.  Both  combined  media  and  separated 
media  semiconductor  convolvers  have  been  utilized  to  form  these 
memory  devices. 

Be  termination  of  the  electrical  properties  of  semiconductors 

28 

using  the  SAW  was  first  reported  by  A.  Bers  et  al.  They  determined 
the  sxirface  mobility  of  electrons  in  the  accumulation  layer  by  measuring 


the  dc  acoustoelectric  cvurrent  for  different  external  dc  biases. 
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Bierbaum^^  determined  the  electron  mobilities  in  thin  metal  films 
deposited  directly  on  the  surface  of  the  delay  line,  by  measuring 
the  propagation  loss.  T.  C.  Lim  et  al,  observed  the  wave- 

length dependence  of  the  photoenhancement  convolution  on  piezo- 
electric ZnO  corresponding  to  the  exciton  transitions.  The  same 

12 

ejq)eriment  on  GaAs  was  reported  by  K.  Hah  et  al.,  and  on  CdS  by 
11 

Zueda  et  al.*^"^  Hie  application  of  surface  acoustic  waves  to  the 
study  of  semiconductor  surface  states  in  Ge  using  the  separated 
medium  longitudinal  acoustoelectric  effect  was  reported  first  by  T. 

l4 

Shiosaki  et  al.  They  observed  the  transient  to  steady  state  in  the 

acoustoelectric  voltage  after  applying  an  externiLL  high  voltage  dc 

pulse  across  the  semiconductor  delay  line  structure.  The  well  known 

15 

pulsed  field  effect  surface  conductance  relaxation  processes  can 
be  observed  using  the  acoustoelectric  voltage  as  a sensor. 

Nondestructive  evaluation  of  semiconductor  surfaces 
using  the  separated  medium  convolver,  was  first  proposed  by  P.  Das 
et  eil.,  ~ In  this  work  the  propagation  loss,  the  transverse 
acoustoelectric  voltage,  the  convolution  voltage,  and  the  change  in 
SAW  velocity,  (which  we  refer  in  this  work  as  the  SAW-semiconductor 
interaction  parameters)  are  used  to  monitor  changes  in  the  semicon- 
ductor conductance,  and  charge  trapped  in  the  surface  states,  due  to 
an  externeil  disturbance.  The  externeG.  disturbance  can  be  either  an 
extenml  dc  bias  applied  across  the  semiconductor  delay  line  structure, 
or  eui  optical  excitation.  Hie  main  advanteige  of  this  new  technique 
is  that  it  reqtiires  no  contact  to  the  semiconductor  surface,  and 
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hence,  it  it  tamely  a nondestimctive  method  for  study  of  electrical 
pamperties  of  semiconductors. 

Nondestamctive  evaluation  of  semi  conductor  surfaces  is  of 
great  interest  since  one  can  perfoami  evaluation  of  the  semiconductor 
surface  during  different  stages  of  the  device  processing,  and  later 
on,  a device  can  be  built  on  the  ssune  substrate.  The  SAW  convolver 
may  be  used  for  nondestamctive  evaluation  of  semiconductor  surfaces. 

To  achieve  that,  a study  of  the  SAW-semiconductor  interaction  has 
been  conducted,  and  electrical  properties  of  semiconductors  have  been 
detennined  in  this  work. 

This  work  is  concerned  mainly  with  the  study  of  semiconductor 
surface  states  using  the  SAW-semiconductor  interaction.  Surface  states 
are  localized  states  in  the  energy  gap  at  the  semiconductor  surface, 
due  to  the  termination  of  the  lattice  periodicity  or  due  to  surface 
contamination.  While  considered  theoreticsuLly  much  earlier,  surface 
states  first  became  of  practical  significance  when  Bardeen^  proposed 
that  it  was  these  states,  and  not  the  metal  work-function,  which 
determined  the  height  of  a Schottky  barrier.  A review  of  earlier 
work  on  s\irface  states  can  be  found  in  the  book  by  Many  et  al. 

The  statistics  of  the  reccmbination  of  holes  and  electrons  occurring 
through  a deep  trap  level  as  was  developed  by  Shockley  sutid  Read 
can  be  used  eLLso  for  surface  states  trapping  by  using  sheet  carrier 
density  on  the  surface  instead  of  volvime  carrier  density  in  the  bulk. 

The  most  detailed  data  available  on  surface  state  charac- 
teristics has  been  obtained  by  the  MOS  conductance  and  capacitance 
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techniques,  which  yield  the  surface  state  density  and  capture  cross 

^ 38-I4O 

section  as  functions  of  energy.  The  results  of  various  studies 
reveal  that  the  surface  state  densities  are  relatively  constant  near 
the  mid  gap,  and  rise  toward  the  band  edges.  Capture  cross  sections 
are  constant  near  midgap  and  drop  exponentially  toward  the  band  edges. 

10  13  2 

Typical  surface  state  densities  range  from  10  to  10  ^/cm  -eV, 

13  ”15  2 

while  capture  cross  sections  range  from  10  to  10  cm  . Recently 
a new  technique,  deep  level  transient  spectroscopy  (DLTS)  has  been 

4l 

developed  by  Leuag.  This  is  a high  frequency  capacitance  tremsient 

thermal  scanning  method  useful  for  observing  a wide  variety  of  traps 

in  semiconductors.  This  technique  is  superior  to  all  other  capacitance 

42  43 

techniques  such  as  thermally  stimulated  capacitance,  ’ admittance 

44  45 

spectroscopy,  and  photocapacitance.  The  main  advantages  of  the 
DLTS  technique  are  (i)  no  need  for  aneQ.ysis  of  optical  cross 
sections;  (ii)  much  greater  sensitivity;  (iii)  greater  reuige  of 
observable  trap  depths;  and  (iv)  much  more  convenient  to  use  and 
interpret. 


In  Chapter  II  we  develop  a theory  for  the  SAW-semiconductor 
interaction.  The  theory  includes  majority  and  minority  carrier 
interaction,  and  also  semiconductor  parameters  such  as  lifetime  and 


surface  recombination  velocity.  SAW-semiconductor  interaction  para- 


meters for  high  resistivity  materials  are  calculated  for  the  finite 


semiconductor  thickness  and  for  the  case  of  infinite  thickness  approx- 
imation. For  semiconductor  surfaces  in  acctumlLation,  depletion  and 
inversion  condition,  we  introduce  the  effective  surface  conductivity 


interaction  approach.  The  interaction  parameters  for  various  semi- 
conductor surface  potentials  are  numerically  calc\alated  using  a 
digital  computer.  In  Chapter  III  experimenteLL  results  are  presented 
for  surface  states  and  capture  cross  section  evaluation  using  the 
propagation  loss  as  a sensor,  while  an  external  dc  bias  is  used  to 
vary  the  semiconductor  surface  potential.  The  response  time  of  photo- 
conductivity decay  is  observed  by  the  transient  response  of  the 
delay  line  attenuation  vdiile  an  externally  dc  bias  is  applied  to  the 
semiconductor.  In  this  Chapter  we  also  present  the  use  of  other  SAW- 
semiconductor  interaction  parameters,  such  as  the  dc  acoustoelectric 
voltage,  and  the  change  in  SAW  velocity  to  obtain  electrical  properties 
of  a semiconductor.  In  Chapter  IV  a semiconductor  spectroscopy  using 
the  SAW  convolver  as  a sensor  is  presented.  Valuable  information  such 
as  the  position  of  surface  states  in  the  energy  gap,  and  the  photon 
energy  for  total  surface  absorption  can  be  obtained  using  this 
technique.  The  sensitivity  of  the  technique  is  yet  to  be  improved, 
but  the  basic  information  for  using  the  SAW  convolver  for  nondestruc- 
tive evaluation  of  semiconductor  is  presented  in  this  thesis. 
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SURFACE  ACOUSTIC  WAVE-SEMICONDUCTOR  INTERACTION  IN  THE 
SEPARATED  MEDIUM  STRUCTURE 
2.1  Basic  SAW-Semiconductor  Interaction  Mechanism 

In  this  Chapter  we  shall  give  the  theory  for  the  inter- 
action of  surface  acoustic  waves  propagating  on  a piezoelectric 
substrate  with  the  free  carriers  in  a semiconductor  placed  above 
the  delay  line  with  a \miform  air  gap  between  them.  The  structiire 
to  which  all  the  work  reported  here  applies,  is  shown  in  Fig.  2.1. 

Tile  SAW  is  excited  by  an  interdigital  transducer  fabricated  directly 
on  the  surface  of  the  piezoelectric  crystal.  Althou^  several  types 

of  surface  waves  may  exist,  we  are  only  concerned  with  those  called 

U6  47 

Rayleigh  waves.  * The  SAW  propagates  in  the  vicinity  of  the  piezo- 
electric crystal  stirface  with  a constant  velocity  slightly  lower 
than  the  btalk  shear  wave  velocity  of  the  crystal.  The  mechanical 
motions  are  confined  to  the  siarface  of  the  crystal  decaying  exponen- 
tially within  the  crystal  away  from  the  surface.  The  SAW  is 
accompanied  by  propagating  electric  fields.  Though  these  electric 
fields  are  also  confined  to  the  surface  they  exist  both  inside  and 
outside  the  crystad..  The  decay  constant  of  the  electric  fields  out- 
side the  surface  is  of  the  order  of  the  SAW  wavelength. 

When  a semiconductor  sample  is  placed  near  the  SAW  delay 
line,  these  electric  fields  peentrate  into  the  semiconductor.  It  will 
be  shown  that  inside  the  semiconductor  the  electric  fields  decay 
within  a Debye  length  from  the  surface.  For  an  n-type  silicon  with 
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carrier  density  of  cm"^  the  interaction  between  the  rf 


fields  and  the  free  carriers,  takes  place  1. 5~0*2  away  from  the 


semiconductor  surface.  The  rf  acoustic  fields  modvilate  the  carrier 


density  inside  the  semiconductor,  hence,  rf  components  of  the  carrier 


density  appear  near  the  semiconductor  surface,  for  an  extrinsic 


semiconductor  the  rf  acoustic  fields  result  in  a depletion  layer  on 


the  semiconductor  surface,  since  the  Debye  length  decreases  in  the 


half  cycle  that  tends  to  accumulate  majority  carriers,  whereas  the 


E-fields  penetrate  frorther  into  the  semiconductor  in  the  half  cycle 


that  tends  to  deplete  the  surface. 


As  the  surface  waves  propagate  under  the  semiconductor,  the 


longitudinal  euid  the  transverse  components  of  their  E-fields  interact 


with  the  carriers  causing  a current  density  J,  iidiich  depends  on  the 


semiconductor  conductivity.  There  is  power  absorbed  from  the  acoustic 


waves,  which  are,  therefore,  attenuated.  This  attenuation  constant 


is  directly  related  to  the  conductivity  of  the  semiconductor.  In 


addition,  the  larger  the  air  gap,  the  smaller  the  acoustoelectric 


coupling  to  the  semiconductor,  and  hence,  the  smaller  the  attenuation. 


The  interaction  of  the  rf  acoustic  fields  with  the  free 


carriers  in  the  semiconductor  (both  time-varying  and  time-independent) 


results  in  ac  and  dc  currents  inside  the  semiconductor.  As  a restilt 


of  these  currents,  transverse  and  longitudinal  voltages  appear  across 


the  semiconductor.  In  the  case  of  two  oppositely  propagating  surface 


waves  at  the  same  frequency,  a spatially  uniform  potential  is 


generated  at  the  double  frequency  and,  as  a function  of  time,  it 
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represents  the  convolution  of  the  modulation  of  the  input  signals. 

The  nonlinear  interaction  which  results  in  the  dc  voltages  (the 
acoustoelectric  voltages),  and  the  ac  voltages  (the  convolution 
voltages),  is  the  basis  for  the  pareunetric  coupling  and  mixing  of 
acoustic  waves. 

14-21 

Several  theories  have  been  published  for  the  BAW- 

semiconductor  interaction.  They  are  very  useful  for  the  design  of 
the  convolver  operating  under  normal  conditions.  Thus,  they  assume 
constant  carrier  density  near  flat  band  condition,  a highly  extrinsic 
semiconductor  (hence,  only  majority  carrier  interaction  is  considered), 
smd  an  ideal  semiconductor  surface  (thus,  neglecting  svirface  recom- 
bination).  Only  the  works  by  Takada  et  al.  and  Gautier  considered 
non-uniform  carrier  density  (off  flat-band  condition).  It  was  shown 
that  for  highly  extrinsic  semiconductors,  a varactor-like  approach 
can  be  considered.  The  varactor-like  approach  is  based  on  the 
assumption  that  for  the  high  conductivity  semiconductor  and  an 
acoustic  wavelength  long  compared  to  the  Debye  length,  the  nonlinjar 
interaction  can  be  aneilyzed  in  terms  of  the  transverse  electric 
displacement  field  which  accompanies  the  acoustic  waves.  A normal 
component  of  electric  displacement  at  the  semiconductor  surface 
creates  a potential  which  is  proportional  to  the  square  of  the 
electric  field.  This  is  the  mechanism  that  takes  place  in  a varactor; 
but  whereas  a varactor  is  generally  voltage-driven,  the  semiconductor 
convolver  is  displacement  current  or  E-field  driven.  However,  for 
nondestructive  evaluation  of  a semiconductor  surface,  the  exact 


12 


solution  has  to  be  considered. 


2.1.1  Propagation  Loss 


The  general  solution  to  surface  acoustic  waves  propagating 

11 


on  a semi-infinite  medium  have  been  given  by  Campbell  and  Jones 
in  the  form  of  a llneeu:  coniblnation  of  these  terms 


u ■ eaq?(-0£j^ky)  exp  [ J(a>t  - kz)  ] 

0 = 0^  exp(-a^ky)  exp  [j(o>t  - kz)] 


(2.1-1) 


where  u is  the  mechanical  displacement,  0 is  the  electric  potential, 

CO  is  the  anguleur  frequency,  and  k is  the  wave  number.  Particular 
values  of  0^  and  aore  obtained  by  solving  the  wave  equation 
for  the  acoustic  waves,  subject  to  the  boundeury  conditions.  In 
establishing  these  boundary  conditions  it  is  assumed  that  the  stirface 
is  mechanically  free  although  the  adjoining  mediimi  is  ncit  necessaurily 
a vacuum.  Thus,  a uniform  air  gap  is  assumed  between  the  piezo- 
electric substrate  and  the  adjoining  medivim. 

The  electrical  boundary  condition  on  the  surface  of  the 
delay  line  may  be  represented  by  the  wave  Impedance, 


fz  ^ygQ 

H “ V D 

* ® yy-0 


(2.1-2) 


idiere  D is  the  displacement  field,  0 is  the  electric  potential,  and 

V 


v^  is  the  SAW  velocity. 
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Since  the  electric  boundary  conditions  require  0 and  D to  be 

«y 

continuous  across  the  substrate  surface,  tlie  impedance  will  be 
continuous.  An  electrical  boundary  ccndition  is,  therefore, 

Zp  = Z^,  where  Zp  is  the  TM  wave  impedance  defined  right  on  the 
surface  of  the  piezoelectric  substrate.  Since  Zp  is  purely 
imaginary  when  is  real,  we  will  obtain  real  solutions  for 
only  ^en  is  purely  Imaginary.  This  is  the  case  when  the  adjoining 
medium  is  lossless.  When  has  a non  zero  real  part  we  find  solutions 
for  the  complex  value  of  v^  which  corresponds  to  damped  waves. 
Furthermore,  the  change  in  the  SAW  velocity  due  to  the  adjoining 
medlvnn  is  obtained  by  the  perturbation  theory  to  be 


V _ V 

s 0 


V 

0 


2.  e V Z 
IT  p s A 


2 e V Z + i 

^p  s A 


(2.1-3) 


K is  the  coupling  coefficient  for  the  piezoelectric  substrate  and  is 

defined  by  K^/2  = AV^/vq.  iiie  quantity  A'^/vq  is  the  percentage 

* 

difference  in  the  velocity  between  a free  sva-face  and  a surface  coated 

by  an  infinitesimally  thin  perfect  conductor.  This  quantity  has 
13 

been  shown  to  be  a direct  estimate  of  the  surface-wave  coupling  to 
interdlgltal  transducers,  is  the  piezoelectric  permittivity,  and 
Vq  is  the  SAW  velocity  for  a metallized  piezoelectric  surface. 


A free  surface  is  defined  by  an  infinite  external  impedance,  Z.  on 
the  piezoelectric  surface.  Whenever  the  piezoelectric  material  has 
a large  dielectric  constant,  the  vacuum  boundary  condition  approxi- 
mates the  ideal  free  surface. 


I 


The  change  in  SAW  velocity  can  be  written  as  = 

-zat/kQ,  where  zac  = k-kQ  = /5iP  + ja(a  < O).  Substituting  this  into 
Eqmtion  (2.1-3)  we  obtain 

v2  € V Z 

a = - f k (s-i-**) 

S A 

This  equation  describes  the  SAW  propeigation  loss  due  to  emy  electrical 
load  of  8in  adjoining  medium.  The  only  parameter  needed  to  be  known 
for  a given  svibstrate  is  the  surface  inqpedance,  Z^.  The  surface 
impedance  is  given  by 

\ ~ 1 - J ^s^o^S  (2-1-5) 


where  Zg  is  the  semiconductor  sxarface  Impedance  viewed  through  a 
lossy  transmission  line  with  a characteristic  Impedance  j/VgC^. 

The  semiconductor  surface  impedance  is  related  to  the 
potential  inside  the  semiconductor.  A pertvirbation  aneiLysis  of  the 
SAW  convolver  has  predicted  the  results  of  various  experiments  over 
a wide  range  of  parameters.  The  traveling  acoustic  waves  produce 
excess  free  carriers  in  the  semiconductor.  The  first-order  pertur- 
bation ceilculatlon  gives  the  electrons  and  holes  excess  concentration 
(n^  €uad  Pj^),  and  the  rf  acoustic  potentieJ.  inside  the  semiconductor. 
This  is  done  throiagh  the  weak  coupling  approximation,  by  assuming 
that  the  acoustic  wave  at  a point  is  unperturbed  by  the  interaction 
at  that  point.  This  approximation  is  valid  because  the  coupling 
between  the  acoustic  euid  electric  fields  is  given  by  a small  para- 
meter K^,  which  is  of  the  order  of  1^.  The  small  signal  eqiiatlons 
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(subtracting  the  equilibriton  terms  frcan  the  exact  equations  and 
dropping  second-order  terms)  are: 

Jn  = ^ (2.1-6^ 

’■'n  * -ST  = ° 

7^0  = -qpj/€g  (2-1-8) 

■where  is  the  excess  charge  density  due  to  the  rf  acoustic  fields. 

For  an  extrinsic  n-type  semiconductor  pj^  = where  n^  is  the 

excess  electron  density  due  to  the  rf  acoustic  field.  Assuming  that 
the  rf  acoustic  potential  has  the  form  0(y, z, t)  = 0j^(y)e*^^^^  " hz) ^ 
and  8U1  extrinsic  n-type  semiconductor,  substituting  Equations  (2.1-6) 
and  (2.1-8)  into  Eqxxation  (2.1-7)  results  in  a fo\irth  order  differ- 
ential eqtiation  for  the  rf  acoustic  potential  0^(y). 

0^'*'  - k^(l  7 ^)0£'  + Y ^0j^  = 0 (2.1-9) 

>diere  y = 1 + + j ' 

i 

03  = o/e  dielectric  relaxation  frequency  ! 

c ' s ] 

2 / i 

oijj  = V /D^  diffusion  frequency.  j 

The  general  solution  to  Equation  (2.1-9)  is  j 


a.ky 

0.(y)  = 2 A e ^ (2.1-10) 


15ie  eunplitude  coefficients  in  (2.1-10)  are  quite  complicated  and  can 
be  obtained  from  the  botindary  conditions.  However,  they  can  be  very 
much  simplified  if  the  semiconductor  thickness  is  much  larger  than 
the  SAW  wavelength  (for  ICX)  MHz  the  SAW  wavelength  is  34  pm).  In 
this  case,  only  the  positive  exponential  (y  is  the  negative)  will 
contribute  to  the  solution  (2.1-10).  Equations  (2.1-4)  and  (2.1-5) 
describe  the  propagation  loss  of  the  SAW  due  to  an  electrical  load 
separated  a distance  h from  the  piezoelectric  crystal.  For  an 
extrinsic  semiconductor  Y»  1,  hence  the  rf  electric  field  decays 
Inside  the  semiconductor  exponentisJJ^  with  a decay  constant  of  the 
order  of  (Yk)  ^ which  is  equal  to  the  extrinsic  Debye  length. 


2.1.2  Ihe  Acoustoelectric  VoltaKes 


The  acoustoelectric  voltage  is  the  dc  volteige  developed 
inside  the  semiconductor  due  to  the  nonlinear  interaction  between 


the  electric  fields  accompanying  the  SAW  and  the  free  carriers  inside 
the  semiconductor.  The  free  carriers  concentrations  are  given  by  the 
svm  of  the  equilibrium  and  the  rf  carrier  densities,  where  the 
electric  fields  inside  the  semiconductor  are  given  by  the  derivatives 
of  the  electric  potential.  Equation  (2.1-10).  Using  Poisson's 
equation  the  excess  charge  density  is 


4 a ky 

Pl(y)  = -e.  Z k^(a - 1)A  e ^ 

^ ® 1=1  ^ ^ 

Ihe  transverse  auid  longitudinal  electric  fields  are 


(2.1-U) 
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Ey(y) 


h 

2 

d=i 


2 a.kA.e 
0 J 


a^ky 


(2.1-12) 


I 


E^(y) 


= jk  2 A.e 
0=1  •’ 


c^ky 


(2.1-13) 


Hie  transverse  acoustoelectric  field  is  by  definition  the  average 
field  resulting  from  the  nonlinear  current  developed  inside  the  semi- 
conductor, thus  the  transverse  and  longitudinal  acoustoelectric  fields 
are 


E = - iRe(a,E*(y)) 
aey  a 2 ' 1 y 


aez 


i |Ee(oA*(y)) 


(2.1-lU) 


(2.1-15) 


(2.1-16) 


where  a^,  = n^  + p^. 

Substituting  frcan  (2.1-U)-(2.1-13)  into  Equations  (2.1-14),  (2.1-15), 
the  acoustoelectric  fields  for  extrinsic  material  is  given  by 


E 


aey 


aez 


€ Lik^  4 

±^Re[  2 


2 * .'  i z 


2 (a  - 1)  a.  A A e 
i=l  i=l  0 1 0 


(a. 4a.  )ky' 


] 


- 

4-  ® 


^ (a^4a  )ky' 


* (2.1-17) 


2a 


Re  [2  2 o(a.^  - 1)  A.A.""  e'  ^ ^ ] 

i=l  Z=1  ^ ^ ^ 


(2.1-18) 


where  y'  = y - h.  The  transverse  field  is  positive  for  p-type  and 
negative  for  an  n-type  materieQ..  The  longitudinal  is  negative  for 
p-type  smd  positive  for  n-type  material. 
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2.1.3  The  Convolution  Voltages 

When  the  device  is  operated  as  a convolver,  two  waves  are 
launched  at  frequencies  ouj^  and  cUg  respectively  and  in  opposite 
directions.  If  we  take  the  center  of  the  semiconductor  as  the  origin 
z = 0,  and  neglect  the  propagation  loss,  these  waves  have  fields 
that  vary  as 


fl(t  - |)  exp  [ joo^(t  - |)]  and  f^Ct  + |)  exp  [ jo^(t  + -)] 


respectively,  where  we  have  neglected  a sniftn  phase  correction  of 
exp  (jkl/2),  in  each  term,  v is  the  surface  wave  velocity  and  f^ 


and  f^  are  the  modulations  of  the  input  signals.  Each  electric  field 


will  generate  an  excess  carrier  density  with  the  same  time  and  space 
variation.  The  nonlinear  interaction  produces  the  following  three 
sig3ials  for  a second  order  nonlinearity: 


[2Joij^(t  - p] 


ii. 

iii. 


Kgfg^Ct  + |)  exp  [ejoigCt  + |)] 


- |)  fg(t  + |)  exp  { j [ (cD^  + CDg)t  - 


tdiere  is  a constant  representing  the  strength  of  the  nonlinearity. 


The  first  two  terms  represent  second  harmonic  generation.  The  third 
term  contains  the  product  of  the  two  envelope  functions,  and  is  the 
tem  of  interest.  In  the  degenerate  case,  the  two  input  signals  are 
at  the  same  frequency  cn  = <0^  = thus,  all  three  signals  are  at  a 
frequency  2tu;  however,  the  first  two  have  phase  variation  with  respect 


I 

J 


;! 


i 

i 
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to  space  -whereas  -the  last  one  is  space  independent.  If  we 
integrate  an  three  terms  -with  respect  to  z,  the  first  two  do  not 
increase  at  an,  -vdiile  the  -third  increases  monotonically  with  the 
length  of  integration,  L. 

For  large  values  of  L,  say  L > 10  A -where  A is  the  SAW 

wavelength,  the  third  term  is  -the  only  important  one.  In  this  case, 

the  open  circtiit  output  signal  detected  be-tween  a metal  plane 

electrode  on  the  top  surface  of  the  semiconductor  and  the  lower 

surface  of  the  delay  line,  takes  the  form 

+L/2 

^op  ^c  ®^(J2cut)  / fj_(t  - f^{t  + |)dz 

-hl2 

If  the  modulated  signals  exist  for  time  shorter  than  the  acoustic 
delay  along  the  semi  conductor,  we  can  take  the  limit  of  integration 
to  infinity;  and  -with  the  change  of  -variable  t = t - — , the  output 
signal  tedces  on  -the  final  form 

+ 00 

Vop  = K^vexp(daut)  j f^(x)  fgCSt  - T )dT  (2.1-19) 

_ 00 

Ihe  output  is  seen  to  be  the  true  convolution  of  the  modulated 
signals,  compressed  by  a factor  of  2. 

The  electric  potential  accompanying  the  two  signals 


propagating  in  opposite  directions 

for 

the  degenerate  case 

are 

0+  ^ gj(o)t  - kz) 

k 

2 

a.ky' 

A.e 

i=l 

1 

(2.1-20) 

0-  = + kz) 

4 

2 

V 

H 

II 

1 


t 

i 


j 

3 


where  y'  = y - h. 
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When  no  external  dc  bias  is  applied  to  the  semiconductor, 

A.  = A.,  and  only  the  normal  component  of  the  electric  field  (along 

^ J 

y)  will  contribute  to  the  convolved  signal  (J  (2o>)  = 0). 

z 


The  transverse  electric  fields  are  given  by  E ® ^ 

y y 


hence, 


y i 1 


d j 


(2.1-21) 


The  corresponding  excess  charge  density  is  given  by  Poisson's  Equation 
Pi  = V®«. 


+ _ - k2)  ^ ^2  (^  2 . 1)J^  i 

X S X X 


a.ky' 


(2.1-22) 


Pi  = -e 


J(a3t  + kz)  ^ .2 


2 2 

2 (Oj  - l)Aje  J 


Bie  second  order  current  density  is  given  by 


J (2cd)  = a,^E~  + a,~E 

y'  ' 1 y 1 


(2.1-23) 


Substituting  Equations  (2.1-21)  and  (2.1-22)  into  (2.1-23),  the 
second  order  current  density  for  an  extrinsic  semiconductor  is  given 


4 

z 

i=l 


- ± I 


AjAj(a.  t a^)(a^aj  - l)e 


(aj^-*aj)ky' 


(2.1-24) 


■where  the  positive  sign  is  for  p-type  and  the  negative  for  n-type 
material. 


The  relation  he-tween  the  open  circuit  convolution  voltage 
and  the  current  density  Equation  (2.1-24)  will  he  developed  in  the 
next  section  for  the  general,  case  of  two  carrier  interactions. 


2.2  SAW-Semiconductor  Two  Carrier  Interaction 
Near  Flat-band  Condition 

2.2.1  Introduc  tlon 

Otto^^  has  shown  that  in  order  to  maximize  the  output 
power  or  a SAW  convolver  one  must  simultaneously  minimize  the 
transducer  conversion  loss,  eliminate  the  output  circuit  parasitics, 
and  achieve  an  optimal  balance  between  the  coupling  and  propaga- 
tion loss.  The  optimal  value  of  the  convolution  voltage  is  achieved 
for  aL  = 1 or  8.7  dB,  where  a is  the  propagation  loss  and  L is  the 
semiconductor  length.  For  most  delay  line  substrates  and  semicon- 
ductors, these  conditions  require  an  extrinsic  semiconductor.  For 

Si  10  ohm-cm,  the  dielectric  relaxation  time  is  e /a  = 1.04  x 10~^ 

s 

sec.  Therefore,  as  long  as  the  SAW  frequency  is  such  that  the 

transient  time  duration  is  much  shorter  than  10  sec  (f < a/e  ), 

s 

the  charge  neutrality  condition  can  be  considered.  More  important 


is  the  fact  that  for  extrinsic  semiconductors  near  the  flat-band 
condition  a small  signal  perttirbation  is  assumed,  thus,  the  thermal 
equilibrium  condition  specified  by  the  flat-band  distribution  is 
used  in  order  to  solve  for  the  various  parameters  of  the  SAW  convolver. 

Nondestructive  evaluation  of  semiconductor  surfaces  using 

the  SAW  convolver  structure  requires  the  removal  of  several  assump- 
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tions  used  in  the  previous  theories.  We  would  like  to  use  high- 

resistivity  materials  as  well  as  low  resistivity  materials  and  in 
addition,  to  use  an  external  dc  bias  to  accumulate  or  deplete  the 
semiconductor  surfaces.  Thus,  majority  and  minority  carrier  inter- 
action is  considered.  For  matErials  such  as  GaAs  with  very  low  life- 
time of  the  free  carriers  (nsec),  and  very  high  surface  recombination 
velocity,  the  theory  should  include  these  semiconductor  parameters. 

In  order  to  keep  the  small  signal  analysis  valid,  very  low  SAW  power 
input  should  be  used  for  high  resistivity  materials. 

The  evaluation  of  electrical  properties  of  bulk  semicon- 
ductors using  the  SAW  convolver  is  a study  of  an  active  region 
extending  a few  jjm  away  from  the  surface.  This  region  can  be  further 
reduced  by  accumulating  the  semiconductor  surface  such  that  the 
effective  Debye  length  will  be  of  the  order  of  several  hundred 
angstroms.  For  epitaxial  layers  it  is  important  to  use  SAW 
frequencies  such  that  the  infinite  semiconductor  approximation  is 
valid,  hence  d>  X (d  = epitaxial  thickness,  X = SAW  wavelength). 


2.2.2  The  rf  Eleetric  Potential  in  the  Semiconductor 


% 


li 


n- 


f 


In  this  section  we  sheill  put  all  the  quantities  that  vary 


with  space 

and  time 

in 

the  form  f(y) 

gjoDt  - kz)^ 

The  current  equa- 

tions  are 

(neglecting  second  order) 

•^pz 

= 

p E 

z 

+ 

Jk  qDp  p^ 

SPl 

(2.2-1) 

"^py 

= 

p E 

y 

- 

q D \ 

^ P ^ 

for  holes 

and 

= 

n E 

z 

- 

Jk  qD^  n^ 

an 

(2.2-2) 

= 

n E 

y 

+ 

qD  -r — 
n dy 

for  electrons.  Here  p and  n su:e  the  total  time  and  space  independent 
carrier  densities  of  holes  and  electrons  respectively,  Pj^  and  n^  are 
the  excess  carrier  densities  caused  by  the  electric  fields  accompany- 
ing the  surface  waves. 

The  continuity  equations  are 


3y  '^®p  ~ 


dj 


<1P  + qpj 
Tp 
qn  + qn. 


(2.2-3) 


'^'^1  = + qg  - - ^ 

-*■  iiz  dy  T 

n 

and  the  Poisson's  equation  is 


= -q(p^  . 


I 

1 


(2.2-U) 


2k 


The  time  and  space  independent  carrier  density  is  assumed  to  be  in 
the  steady  state  even  if  externed.  generation  (like  light)  exists, 
and  they  are  given  by  p = SpXpj  “ ®n  n seen  from 

Equation  (2.2-3).  Assuming  that  all  the  time  and  space  varying 
functions  decay  inside  the  semiconductor  in  a form  we  obtain 

from  (2. 2-1) -(2. 2-4)  the  following  equation  for  the  decay  constant: 


(/-1)2  . 

DpOr^  - k^)  - (i/T^  + jo>) 


(2.2-5a) 


- UAp  + jco) 


where  co_  = — , and  co„  = 

Cp  e Cn  e 

s s 


The  roots  to  Eq\aation  (2.2-5)  are 


1]  = 0 


, ‘“Cn‘%1  * “cp^.  , ‘°Cn‘4n<^An  ^ 

“^(“cn“Dn  * “cp“Dp> 

(2.2-5b) 


y 2 . ”cn‘V^p(^/'^n  ^ ^ ‘°cp“’Dp‘y(^/'^p  ^ *“> 

^ ‘“^(“Cn'V  * %“Dp) 


2 2 

where  cu^p  = v^  /D^  and  = v^  /D^,  v^  is  the  SAW  velocity. 
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In  most  cases  of  interest  the  third  root  will  he  identical 
to  the  first  one  as  the  condition  o?  ^Dn^^  ^ 

is  always  satisfied.  For  semiconductors  with  very  short  lifetimes 

(nsec),  SAW  frequency  in  the  GHz  range  has  to  be  used  in  order  to 

keep  this  assumption  valid.  For  highly  extrinsic  semiconductors 

2 2 2 

(n-type),  hence  ® ^2  “ where  y is  the 

electric  potential  decay  constant  for  one  carrier  interaction. 
Equation  (2.1-9).  In  the  next  section  we  shall  use  the  above  solu- 
tion for  the  potential,  decay  inside  the  semiconductor  to  obtain  the 
interaction  parameters  for  the  two  cases  a)  the  semiconductor  thick- 
ness is  larger  compared  to  the  SAW  wavelength  and  b)  the  semicon- 
ductor thickness  is  of  the  same  order  as  the  SAW  wavelength. 

2.2.3  Semi-infinite  Semiconductor  Approximation 

For  a semiconductor,  such  that  d » A , where  d is  the 
thickness  of  the  semiconductor,  and  A is  the  SAW  wavelength,  the 
potential  decays  inside  the  semiconductor  mainly  due  to  the  two  terms 
with  a negative  exponent.  If,  in  addition,  the  carriers  lifetime 
is  much  smaller  than  the  SAW  period  (frequency'^),  and  cu  » aipp,  oi^ 
or  ^ uj,  the  third  mode  of  decay  is  equal  to  the  first  one, 


and  the  second  mode  can  be  considered  as  a real  quantity.  Under  these 
conditions  the  potential  Inside  the  semiconductor  is 
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, “Clfth  ^ ‘“CliV 

“ J-  + r> 


03 


The  ■boTjndary  conditions 


J = qsp, 

py  1 


J = -qsn^ 


ny 


at  y = 0 determine  A^/Ag,  where  s is  the  surface  recombination 
velocity. 

A^/Ag  = + Joi  Eg  (2.2-7) 


vhere 


^ ^Cn4i/'^n  ^ £ ^Cn%i/^n  ^Cp%t/°p  ^ ^ 


OJ, 


fcn“Dn  * %■%. 


s ‘"cnV°n  “‘C1.V°P 
“cn^Dn  * "02% 


and 


^ * 


<"CD>.  ‘“cb4.  , .5  “cnV^n  * <“ct.“Dl/°B  , 


Using  Equations  (2. 2-6) -(2. 2-7)  the  semiconductor  surface  impedance 
is  given  by 


1 


1 + + Jo>  Eg 


^ + Ri  + joj  Eg 


(2.2-8) 
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Substituting  Equation  (2.2-8)  into  Equations  (2.1-4)  and  (2.1-5)# 
results  in  the  propagation  loss  of  the  SAW  due  to  an  infinite  semi- 
conductor. For  zero  spacing  between  the  semiconductor  and  the  delay 
line,  a is  obtained  as 


a = 


- T 


Y - 1) 


® co^Rg^(l  + €p/€g)^  + [y  + Rj^  + ep/€g(l  + R^)]^ 


(2.2-9) 

The  power  flux  penetrating  inside  the  semiconductor  is 


Sy  = -1/2  Re(E^  H^"")  = 1 0*^  | 2 Re(^)  (2.2-10) 

h 


where  0y^  is  the  perturbed  potential  on  the  surface  of  the  substrate. 


and  we  have  used  the  s\irface  impedance  Z.  = E /H  to  substitute  for 

A Z X 


E H . Assiuning  that  the  power  loss  of  the  SAW  is  mainly  due  to 

Z X 


the  acoustoelectric  coupling  to  the  semiconductor,  we  can  write 


•2a  S 


(2.2-11) 


y Z 

where  a is  the  propagation  loss  (a  is  a negative  quantity  according 


to  onr  definition),  and  S is  the  power  flvix  per  unit  length  in  the 

z 


direction  of  propagation.  From  (2.2-10)  and  (2.2-U)  the  perturbed 
potential  on  the  substrate  surface  is  given  by 
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The  perturbed  potential  0'(y)  satisfies  Laplace's  equation 
in  the  air  gap,  hence  the  potential  and  displacement  fields  in  the 
air  gap  are  given  by 


0'(y)  = Ae^  + Be"^ 


and 


(2.2-12) 


D'(y)  = -€Qk(Ae^  - Be"*^) 


for  the  region  0 < y < -h.  The  constants  A and  B are  found  from  the 
boundary  condition  at  the  substrate  surface.  Equation  (2.2-12)  and 
the  definition  of  the  surface  impedance.  Equation  (2.1-2). 


0'(y)  = (1  + ^ (2-2-13) 


''s'o^A 


Hie  excess  rf  carrier  densities  qn^  and  qp^  are  determined 
by  solving  Poisson's  equation  and  the  continuity  equation.  This 
res\ilts  in 


OJ. 


'Cn^^n 


" “on“Dn  * “cp'V 


(2.2-14) 


qPl  = -€s 


“cn'V  ^ %% 


The  acoustoelectric  fields  in  the  semiconductor  are  given 
by  Equations  (2.2-14)  and  (2.2-15).  Substituting  from  Equations 
(2.2-6)-(2.2-14)  results  in 
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aey 


2 


0) 


2 


(1  + K^f  + co^Rg' 


(R^e^  Y+  Dlcy  ^ ^ j^2  Yky^ 


(2.2-15) 


for  the  transverse  field  and 


E. 


“■rcD°bt.  - ^ - (r  i)ky 


aez 


cu 


2 . 2„  2 V 


(1  + R^)'^  + m Rg' 


for  the  longitudinal  field. 

Figures  2.2 -2. 4 are  plots  of  the  propagation  loss^  trans- 
verse acoustoelectric  voltage,  and  the  longitudinal  acoustoelectric 
voltage,  as  a function  of  the  semiconductor  conductivity.  The  SAW 
frequency  is  used  as  the  parameter  and  s « 0,  h = 0 are  used.  The 
following  values  for  constants  are  used. 


€ = 50.2;  €„  = 11.7;  ■ 1350  cm  /V  sec; 

p S II 


n = 480  CXCL  /Y  sec 


3.488  10^  cm/sec 


= 2.4  10"^ 


T = T = 10"^  sec 

n p 


s = 0 cm/sec 


The  open  circuit  convolution  voltage  is  related  to  the 
second  order  current  density,  equation  (2.1-24).  The  total  second- 
order  current  developed  in  the  semiconductor  is  given  by 


P 

J = ( o + Ju)€  )E„(2cd)  + J (ao)  + qD  -r — 

ny  ' n s'  2'  ' ny'  ' ^ n ay 


J = ( a + joje  )E«(2cd)  + J (2u))  - qD  -r — 

py  ' p -J  s'  2'  ' py'  p oy 


(2.2-15) 


vhere  J^2co),  J^2a>)  are  given  by  Eqtiation  (2.1-24)  and  n^,  p^  are 
the  second  order  ceurrier  density  in  the  semiconductor.  Dividing  each 
equation  by  the  diffusion  constant  and  adding  these  two  equations 


results  in 


' n p n p 


J (2cn)  J (an)  N 
n P 


(2.2-16) 


The  second-order  potential  developed  in  the  semiconductor  is  uniform 
aloi.g  the  direction  of  propagation.  Hence,  using  Poisson's  equation 
the  second  order  charge  density  is  given  by 


q(Pg  - ng)  = -€g  vy  = ^2 


(2.2-17) 


Substituting  Equation  (2.2-17)  into  (2.2-16)  results  in  a differential 
equation  for  *^he  second-order  electric  field.  For  an  open  circuit 
condition  J = C,  hence, 

y 


° °i>  11 

71“  ■ ^ n"  € D D"^  ^ ^2 

dy  s n s p n p 


J (ao)  J (ao) 

' ' r«f  ' ' 


€ D € D 
s n s p 


(2.2-i8) 


I 


The  right-hand  side  of  Eqmtion  (2.2-JB)  is  given  by  substituting 
and  qp^  frcoi  Equation  (2.2-13)  into  Equation  (2.1-23).  This 


resTilts  in 

J (2o>)J  (2oi)  , 3 u A u A ^ 

^ ^ A,..(a,.a^)(a,a,-1) 


e n s p 


i=l  J=1 


(a^^a.)ky^ 


where 


A = 

f “tn“Dn  “tp% 


^ ‘“cn‘V 

“ “cn'V  * “bp“Dp 


The  general  solution  to  Equation  (2.2-l8)  is 


where 


•^  = * fp-  ^ 23“(r*f) 


s n s p 


n p 


4 4 

(a  + a )ky' 

i=l  J=1 

A Vn.  V.iK  ^ 

= 2 - Dn^  (a,  .-a.)\2.j, 

^ cl 


is  zero  as  y -♦-  -«>  ^ hence,  = 0,  and  Aq  = 0.  From  the 

boundary  condition  = 0 at  y = 0 "we  obtain  the  constant  Aj^.  Thus, 
the  general  solution  to  the  second  order  electric  field  is 


= 


4 4 

2 2 
i=l  0=1 


(2.2-20) 


Integrating  Eqviation  (2.2-20)  results  in  the  open  circuit  convolu- 


tion voltage 


V = e 
con 


2 ‘ “p  ■ l"l  A (a.  +a.)¥-n2 

1 J 


• (a^  + a )kd 


(a.  + a.)k 
^ 1 0 


-Nd 

e - 1 


(2.2-21) 


for  a unit  SAW  power  input.  Equation  (2.2-21)  reduces  to  the  equation 
developed  by  M.  E.  Nokali"^^  for  semi-infinite  thickness,  and  one 
carrier  interaction  (d  » N and 

For  semi-infinite  semiconductor  using  Equation  (2.2-7) 
the  convolution  voltage  for  a unit  SAW  power  input  is  given  by 


k^  ^^'y=-h^  /p^p  \^n,,  ^(l+R^+JcuRg)  (Y2-I) 

Von  = 2N  ^ Dp  ' D^  ^ “TirFlFTN 


Y ^ - 1 


+ N ^ 


(2.2-22) 


Figure  2.5  is  a plot  of  the  convolution  voltage  vs.  the  semiconductor 
conductivity  with  the  frequency  as  a parameter. 


2.2.4  Finite  Semiconductor  Thickness 


In  order  to  compare  the  infinite  semiconductor  approxima- 
tion to  a more  exact  solution  of  the  SAW  interaction,  with  a finite 

2 1 

semiconductor,  we  shall  assume  that  the  condition  cu  >>cOpp(—  + jcu). 


LOG  CONDUCTIVITY.  (MHO/CM) 

Fig.  2.5  Convolution  Voltage  vs.  Conductivity  viith  the  Frequency  as  a Parameter 


Thus 


!I3ie  general  solution  to  the  electric 


is  defined  in  Equation 


The  amplitude  coefficients  A.  are  determined  from  the 


boundary  conditions' 


the  potential  and  normal  component  of  the  electric  displace 


ment  are  continuous  at  y 


the  normal  component  of  the  cvirrent  is  zero  at  y 


the  normal  component  of  the  current  at  the  semiconductor  surface 


is  determined  by  the  surface  recombination  velocity 


The  fourth  coefficient  is  related  to  the  input  acoustic  power 


After  applying  the  bo\mdary  conditions  one  obtains 


y)sinh  0 
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■"2  " 2 


-[e'(c^e^®  + c^e"  Y®)  + (c^e ® - Cgc"  ^ ®)  j - 


+ ^1 — (Cj^e  Y®  - c^e~'^^){€'  - l) 


= ce  ®(e'  cosh  6 + sinh  0)  - c^e'  - e ®(e'  +Y)sinh  0 


€*  = — = dielectric  constant  of  insulating  layer. 

€ d 

s 


(in  case  of  metal  e'  -*-00). 


c = Jy  ^ 


“cA  ^ “CP^P 
(“cn'V  "■  “cp'V'" 


° - s (Vb„  t 1/Bp)(l  + > °*C Al  * %%  ^ 

* / /iV  Jf\  1 ,,x  r.V  ^ 


(‘"cn“Dn  * “cp“Dp)‘ 


Cg  = ^ ^ ^Cn%n  * ^Cp^p  ) 

<“cn“Dn  ^ “cp“dp>^ 


0 = kd 


'.Oie  coefficient  is  related  to  the  acoustic  power  flvtx  and  can 
be  foxmd  using  Eqxiation  (2.2-I3) 


A = (jJ*  2 

4 ^ y=-h  + Dg  + 


(2.2-24) 


Using  Equations  (2.2-23)  and  (2.2-24)  in  Equations  (2.1-4),  (2.1-1?), 
(2.1-18),  and  (2.1-24),  the  propagation  loss,  transverse  acousto- 
electric  voltage  and  the  change  in  SAW  velocity  can  be  found  for 
semiconductors  of  finite  thickness.  Figures  2.6-2.12  are  ntunerical 
plots  for  n-  and  p-type  silicon.  All  the  constants  values  are  the 
same  as  in  the  semiconductor  plots  for  infinitely  thick  semiconductors, 
except  the  thickness  of  the  semiconductor  which  is  200  nm.  For 
epiteocial  layer  the  finite  semiconductor  solution  has  to  be  used. 

A comparison  between  the  plots  of  the  SAW-semiconductor 
parameters  for  the  infinite  thickness  approximation.  Figs.  2.2-2. 5, 
and  the  finite  thickness  case.  Figs.  2.6-2.11,  show  that  the  delay 
line  attenuation  is  very  similar  for  frequencies  lower  than  200  MHz. 

For  the  acoustoelectric  voltages  there  are  some  differences  also  in 
this  range  of  frequencies,  especially  for  semiconductor  conductivity 
lower  than  lo”^  mho/cm.  The  reason  for  that  difference  is  not  the 
finite  thickness  of  the  semiconductor,  but  rather  the  assianption  that 
Y is  a resil  quantity.  This  assvimption  is  not  valid  for  frequencies 
above  200  MHz  and  very  low  conductivities  as  the  real  part  of  y 
becomes  very  small  and  one  cannot  neglect  the  imaginary  part  of  y . 
Hence,  the  simple  analytical  expression  derived  for  the  infinite 
semiconductor  can  be  used  whenever  the  semiconductor  thickness  is 
larger  than  the  wavelength  (even  smaller  but  the  same  order  of 
magnitude)  but  only  when  the  semiconductor  conductivity  is  larger 
than  10  mho/cm.  Thus,  for  deep  depletion  the  exact  theory  should 
be  used,  whereas  for  shallow  depletion  or  accumiLlatlon  condition  on 
the  semiconductor  surface  the  simplified  theory  can  be  used. 


CONDUCTIVITY.  (MHO/CM) 

Fig.  2.7  Propeigation  Loss  vs.  Conductivity  with  the  Frequency  as  a Parameter  (Log  scale) 


CONDUCTIVITY,  (MHO/CM) 

Transverse  Acoustoelectric  Voltage  vs.  Conductivity  with  Frequency 
as  a Parameter  (Log  scale) 


Longitudinal  Acoustoelectric  Voltage  vs.  Conductivity  with  Frequency 
as  a Parameter  (Log  scale) 


Longitudinal  Acoustoelectrio  Voltage  vs.  Conductivity  with  Frequency 
as  a Parameter  (Log  scale) 


CONDUCTIVITY.  (MHO/CM) 

SAW  Velocity  Change  vs.  Semiconductor  Conductivity 


47 


The  lifetime  of  the  free  carriers  will  effect  the  SAW- semi- 
conductor interaction  only  when  it  is  comparable  to  the  SAW  period. 

In  addition  to  its  effect  on  the  surface  lifetime,  the  surface  recom- 
bination velocity  will  effect  the  SAW- semi conductor  interaction 
directly  as  can  be  seen  in  Figs.  2.13  and  2.14.  The  effective  life- 
time is  used  as  a parameter  = 1 usee),  hence  the  siorface 

recombination  reduces  the  propagation  loss  and  the  transverse  acousto- 
electric voltage  only  for  very  high  surface  recombination  velocity 
(above  lO"^  cm/sec).  For  a real  semiconductor,  the  reduction  will 
start  for  lower  value  of  surface  reccanbination  velocity  due  to  the 
reduction  in  the  effective  lifetime  near  the  surface. 

2.3  The  Effective  Surface  Conductivity  Approximation 
for  the  Off  Flat -band  Condition 

2.3«1  SAW-Semiconductor  Interaction  in  the  Off  Flat-band  Condition 
The  propagation  losses,  acoustoelectric  voltages,  and 
convolution  voltages,  all  are  strongly  dependent  on  the  electrical 
properties  of  the  semiconductor  surface  such  as  carrier  density, 
carrier  mobility,  and  density  of  surface  states.  As  the  surface 
waves  propagate  under  the  semiconductor,  the  longitudinal  and  trans- 
verse electric  fields  interact  with  the  free  carriers  causing  a 
c\irrent  to  flow.  There  will  be  a power  loss  per  unit  volume, 
absorbed  from  the  SAW  which  will,  therefore,  be  attenuated.  This 
attenuation  is  directly  related  to  the  semiconductor  conductivity  as 
we  discussed  in  the  previous  sections.  For  very  low  conductivity 


rao/omn  OT 


SURFACE  RECOMBINATION  VELO 

Propagation  Loss  vs.  Surface  Recombination  Velocity  (Log  scale  c 
;h  Bulk  Conductivity  as  a Parameter 


SURFACE. RECOMBINATION  VELO 

Transverse  Acoustoelectric  Voltage  vs.  Surface  Recombination  Velocity 
(Log  scale^  cm/sec)  with  Bulk  Conductivity  as  a Parameter 
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the  propagation  loss  is  very  low  since  the  free  carrier  density  is 
very  low.  For  highly  extrinsic  semiconductors,  the  losses  are  also 
small  since  the  carriers  screen  out  the  electric  field.  The  atten- 
uation is  maximum  for  an  intermediate  value  of  conductivity. 

The  penetration  of  the  electric  fields  inside  the  semicon- 
ductor is  of  the  order  of  (yk)  ^ (assuming  Y » l)  which  is  equal  to 
the  extrinsic  Debye  length.  Hence,  only  the  active  part  of  the 
semiconductor,  i.e.,  the  region  which  is  actually  affected  by  the 
acoustic  field  has  to  be  considered.  We  shall  replace  the  bulk 
semiconductor  parameters  by  surface  parameters  assuming  that  the 
interaction  takes  place  mainly  on  the  semiconductor  surface,  and  not 
in  the  bulk.  The  surface  potential  determines  all  the  semiconductor 
surface  parameters  such  as  conductivity,  mobility,  and  lifetime,  thus, 
all  the  interaction  parameters  are  determined  as  a function  of  the 
svurface  potential.  We  consider  an  n-type  semiconductor.  The  energy 
level  diagram  is  shown  in  Fig.  2.15. 

For  a positive  surface  bending  potential,  0 > 0 > the 

S il 

surface  is  driven  into  accumulation;  thus,  the  surface  conductivity 
increases  sharply  causing  the  convolution  voltage  and  the  propaga- 
tion loss  to  increase  or  decrease,  depending  on  the  magnitude  of  the 
bulk  conductivity.  For  an  extrinsic  semiconductor  both  the  propaga- 
tion loss  and  convolution  voltage  decrease  as  the  semiconductor 
surface  is  acc\amulated,  since  the  bulk  conductivity  is  larger  than 
the  conductivity  associated  with  the  maximum  in  the  propagation  loss, 
or  the  convolution  voltage. 


J 

1 

i 

i 

•I 

1 
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In  depletion,  0^  < 0^,  the  nonlinear  mechanism  becomes 
more  efficient  because  the  field  can  nov  fully  modulate  the  carrier 
density;  this  shows  up  as  an  increase  in  the  convolution  efficiency 
ana  also  in  the  propagation  loss.  Finally,  when  0 « 0 , an  inver- 
Sion  layer  is  formed  on  the  surface  of  the  semiconductor  and  the 
i ‘’i'ect  on  the  loss  and  convolution  efficiency  is  very  similar  to 
that  of  the  accumulation  layer. 


2.3«2  The  Space  Charge  Region 
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Kingston  et  al.  hav^  reported  on  the  relationship  between 
the  space  charge  carrier  concentration  and  the  electric  field  at  the 
semiconductor  s\arface,  as  a function  of  the  change  in  the  electro- 
static potential  from  bulk  to  svirface.  We  shall  now  discuss  the 
effect  of  the  rf  acoustic  field  on  the  space  charge  region. 

The  potential  inside  the  semiconductor  is  given  by 


0 = + 02.(y)  cos(cDt  - kz) 


(2.3-1) 


where  0^  is  the  dc  potential  due  to  an  external  dc  bias  or  due  to 
charge  trapped  in  the  surface  states,  and  0,  is  the  rf  acoustic 


potential.  The  carrier  densities  are  given  by 


n = n.e 
1 


q0/kgT 


p = n.e 
1 


-q0/kgT 


(2.3-2) 


where  k^  is  Boltzmann's  constant.  Using  the  modified  Bessel  function 
identity. 
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xcos  0 


Iq(x)  +2  Z IqCx)  cos  n0 
n=l 


(2.3-3) 


The  small  signal  carrier  density  in  (2.3-2)  is  given  by 

q0o/V 


n = n^e 


[l  + 2I^(x)  cos(o)t  - kz)]  (2.3-4) 


where  we  have  used  Iq(x)  = 1 for  x « 1,  idiere  x = q0j^/kgT. 

Due  to  the  linear  sum  of  the  dc  and  ac  components  in  the  carrier 
density  for  small  signeLL  analysis,  one  can  separate  Poisson's 
equation  into  two  independent  equations. 


= pA 


(2-3-5) 


= -9(iL^  - 


The  space  charge,  p is 


P = q(Np  - + p - n) 

•vdiere  = n^  - p^  n^,  p^  are  the  bulk  densities  of  electrons 

and  holes  respectively.  The  dc  Poisson's  equation  to  be  solved  is, 
therefore, 

(sinh  q0g/kgT  - sinh  q^o/k^T)  (2.3-6) 
where  0g  is  the  bulk  potential.  If  we  convert  to  reduced  notation 


as  follows 
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where  in  the  intrinsic  Debye  length,  Poisson's  equation  becomes 

1 

= — 2~  (sinh  Uq  - sinh  Ug)  (2.3-7) 

^i 


Integrating  from  the  bulk  toward  the  surface  gives  the 
final  result 


= + 


^i 


(2.3-8) 


where 


The  trajisverse  electric  field  on  the  surface  is  given  simply  by 
Eqxxation  (2.3-8)  where  u^  = u^^. 

The  exact  solution  to  the  ac  Poisson's  equation  is  derived 
in  Section  2.3*4.  We  first  present  the  effective  surface  conductivity 
approximation.  In  this  approximation,  the  space  charge  region  is 
removed  and  replaced  by  the  surface  conductivity  and  the  parameter 
s,  the  STirface  recombination  velocity,  defined  through  the  relation- 
ship U = sn  = sp  , where  n , p are  the  concentrations  of  the  excess 
s s s s 

carriers  at  the  surface,  and  U is  the  rate  of  electrons  (holes) 
flowing  into  a unit  surface  area. 
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2«3«3  The  Effective  Surface  Conductivity 


The  excess  concentrations  of  mobile  carriers  in  the  space 
charge  layer  expressed  as  eui  excess  over  the  value  for  the  flatband 


condition,  per  vinit  surface  area  is 


AP  = n.  7 (e  ° 


,00 


e ^)dx 


AN  = n^  / (e  - e )dx 


(2.3-9) 


Substituting  from  Equation  (2.3-8)  gives 


AP  = n^Lpt  G(Ug,  u^) 


where 


AN  = n^I^  G(-Ug,  -Ug) 


(2.3-10) 


The  change  in  carrier  concentration  associated  with  the  bending  of 
the  energy  band  resTilts  in  a cheinge  in  the  surface  conductivity. 
The  change  in  the  sheet  conductance  of  the  layer  is  given  by 


qu  AP  + qn  AN 


where  u and  u are  the  surface  mobilities  of  holes  and  electrons 
ps  ns 

respectively.  The  surface  mobilities  are  different  from  the  bulk 
mobilities  because  the  surface  provides  an  additional  mechanism  for 
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the  scattering  of  free  ceu^rlers  above  the  bulk-scattering  processes. 
The  sxarface  mobilities  discussed  below  assume  that  the  semiconductor 
surface  is  a completely  diffuse  (random)  scatterer.^^  The  high  field 
effects  perpendicular  to  the  semiconductor  surface  are  not  considered 
due  to  the  fact  that  the  propagation  loss  is  mainly  due  to  the 
longitudinal  current,  and  only  the  small  signal  rf  current  is 
considered  in  developing  the  SAW- semiconductor  theory.  To  obtain 
hi^er  accuracy  in  the  approximation  the  mobilities  have  to  be  multi- 
plied by  a correction  factor  which  will  take  into  account  the  high 
field  effects,  and  the  scattering  mechanism  on  a real  semiconductor 
Accumulation  Condition 

For  Ug  > Ug,  the  majority  carrier  concentration  near  the 

surface  is  larger  than  the  bulk  value.  The  carriers  are  confined 

to  move  in  a thin  region  near  the  surface.  The  effect  of  surface 

scattering  may  be  determined  by  considering  the  mobile  carriers  to 

be  restrained  within  a potential  well,  the  width  of  which  is  equal 

to  twice  the  center  of  mass  of  the  excess  carrier  distribution. 

This  distance,  called  L is  found  to  be 

c 


L = 
c 


/ y p (y)dy 

0 


^ p(y)ciy 

0 


F(Ug,Ug)  Si  (2.3-12) 


where  = u^  - Ug  is  the  surface  bending  potential,  and  is  the 
intrinsic  Debye  length.  The  surface  is  considered  to  act  as  a 
diffuse  scatter,  whereas  the  edge  of  the  space  charge  layer  is 


. A 


I 


1 


j 

1 

i 

i 

1 

^ H 


57 


considered  as  a specxilar  reflector.  The  average  mobility  of  this 
layer  is  then  equal  to  the  surface  mobility  and  is  given  by^^ 


ns 




~T\  /L  (1  + U 
n'  c ' s' 

*---  2.1/2 


(2.3-13) 


for  electrons,  vhere  kT/2«q  ) ' is  the  vinilateral  mean 

free  path  for  electrons. 

Neglecting  the  contribution  of  minority  carriers  in 
accumulation  layer  to  the  SAW- semiconductor  interaction,  the  effec- 
tive conductivity  under  the  accumiolation  condition  on  the  semicon- 
ductor surface  is 


a = Og  + q^j^gAN/2L^  (2.3-14) 

In  writing  Eqization  (2.3-14)  we  assume  that  most  of  the  interaction 
between  the  acoustic  field  and  the  free  carriers  in  a semiconductor 
under  the  accumulation  condition  takes  place  in  a distance  equal  to 
twice  the  effective  space  charge  layer  width. 

Depletion  Condition 

For  u^  < Ug,  majority  carriers  are  repelled  from  the 
sTirface,  whereas  the  minority  carrier  concentration  near  the  surface 
is  larger  than  the  bvilk  value.  The  depletion  layer  width  is  given 
by 

w = (26g  Ug/qNg)^/^  (2.3-15) 
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vhere  is  the  doping  concentration.  The  surface  mobilities  are 


|i  = u 1 1 + 
^ns  ^n 


“b  ^n 


(1  - e ®)]  (2.3-16) 


for  electrons. 


' 1 + 


(2. 3-17) 


for  holes  where  we  used  the  assumption  that  the  minority  carrier 
(holes)  mobility  in  the  depletion  layer  of  an  n-type  semiconductor 
is  eq\aal  to  the  hole  surface  mobility  in  accumulation  layer  of  a p- 
tyi>e  semiconductor. 

Equation  (2.3-I6)  describes  an  almost  constant  surface 
mobility,  less  than  the  bulk  mobility,  for  majority  carriers  in  the 
depletion  layer,  Pereas  Equation  (2. 3-17)  describes  a decreasing 
s\arface  mobility  with  surface  potential  for  minority  carriers  in 
the  depletion  layer. 

The  effective  conductivity  under  the  depletion  condition 
on  the  semiconductor  surface  is 


a = Og  + + <lkLpgAP)/w 


(2.3-38) 


It  is  clear  that  averaging  the  excess  charge  density  over  the  width 
of  the  depletion  region  will  introduce  an  error  especially  for  deep 


depletion  ■where  the  excess  irinority  carrier  is  very  large  near  "the 
stirface  of  the  semiconductor^  and  it  decays  exponentially  away  from 
the  svirface.  In  the  next  section  we  shall  comment  on  the  -validity 
of  this  model. 

Inversion  Condition 

When  the  surface  potential  is  reduced,  the  depletion  width 

continually  increases  \antil  an  inversion  layer  sets  in.  This  occurs 

when  u is  approximately  twice  the  bulk  potential.  The  mobilities 
s 

are  given  in  the  previous  section,  \diere  we  have  discussed  the 
depletion  condition.  Neglecting  the  contribution  of  majority  carriers 
in  inversion  layer,  to  the  SAW-semiconductor  interaction,  the 
effective  conductivity  is 

(2.3-19) 

where  is  defined  in  Equation  (2.3-12). 

2.3.4  SAW-Semiconductor  Interaction  Dependence  on  the  Semiconductor 
Surface  Potential 

Using  -the  effective  semiconductor  surface  conductivity. 
Equations  (2.3-14),  (2.3-18),  and  (2.3-19)  accumulation, 
depletion  and  inversion  respectively,  -the  SAW-semiconductor  inter- 
action parameters  are  c€ilculated  numerically  for  different  semicon- 
ductor surface  potentials.  Figures  2.16-2.20  are  plots  of  the  propa- 
gation loss,  transverse  acoustoelectric  voltage,  longitudinal  acousto- 
electric voltage,  convolution  voltage,  said  the  change  in  SAW  velocity 
for  n-type  silicon  where  the  surface  potential  is  varied  from 

accumulation  (u  positive)  to  inversion  (u  negative).  The  frequency 
s s 


Fig.  2.18  Longitudinal  Acoustoelectric  Voltage  vs.  Semiconductor  Surface 
Potential  with  B\alk  Resistivity  as  a Parameter 


SURFACE  POTENTIAL 

Fig.  2.20  SAW  Velocity  Change  vs.  Surface  Potential 
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is  50  MHz  and  the  semiconductor  hulk  resistivity  is  the  parameter. 

The  double  maxima  is  seen  in  each  of  the  SAW-semiconductor  inter- 
action parameters  due  to  the  double  Tn«.yl ma  in  the  semiconductor  siarface 
conductivity  as  the  surface  potential  is  varied  from  accmulation 
(high  conductivity)  through  depletion  (low  conductivity)  to  inver- 
sion (high  conductivity).  The  dc  acoustoelectric  voltage  also  shows 
inversion  in  the  sign  of  the  dc  voltage  as  the  surface  majority 
carriers  change  from  electrons  to  holes  (inversion  layer).  The  plots 
have  s as  a fixed  parameter.  Here  s = 0,  the  plots  for  s > 0 have 
the  same  shape  with  lower  values  for  the  SAW-semiconductor  interac- 
tion parameter.  In  order  to  include  the  change  in  surface  recombina- 
tion velocity,  and  the  effective  lifetime  in  the  computations,  it  is 
necessary  to  know  the  position  of  the  recombination  center  in  the 
energy  gap. 
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Previous  numerical  calculations  of  the  delay  line  attenua- 
tion as  a function  of  the  semiconductor  surface  potential  show  that 
the  two  maxima  appear  only  for  veiy  high  resistivity  (p  > 400  ohm-cm), 
and  that  the  two  maxima  are  equal.  The  reason  for  these  differences 
is  that  in  the  previous  work  one  carrier  interaction 
and  averaging  the  excess  carrier  density  over  the  intrinsic  Debye 
length  have  been  used. 

2.3.5  The  Exact  Solution  for  the  Off  Platband  Condition 

The  effective  conductivity  model  for  the  off  flatband 
condition  assvones  that  we  can  replace  the  interaction  region  of  the 
•Mtoonductor  aurface  by  a new  layer  of  constant  carrier  density 


\ 


vhlch  is  given  by  the  average  excess  carrier  density  over  the  space 
charge  region.  In  this  section  we  present  the  exact  solution  for 
the  off  flatband  condition  considering  the  variation  of  the  carrier 
density  with  distance  from  the  surface.  Using  Fig.  2.1k  of  the  energy 
band  diagram,  the  carrier  density  is  given  by 

p(y)  = p(y)  + Pj^(y)e'^^‘“^  " 

(2.3-20) 

n(y)  = n(y)  + n^(y)e‘^^“^  " 

where 

p(y)  = n^e~^^^^ 

n(y)  = n^e^^^^ 

The  electric  potential  inside  the  semiconductor  is  given  by  the  sum 
of  the  rf  acoustic  potential  and  the  dc  potential  due  to  an  external 
dc  bias 

0 = 0o(y)  + 0i(y)e^^“^  ■ (2.3-21) 

Using  Poisson’s  equation  and  the  continuity  equation  (as  described 
in  Section  2.2)  and  separating  the  continuity  equation  into  its  dc 
and  ac  terms,  the  following  equation  is  obtained  for  the  rf  acoustic 
potential. 

- K - + Y^)0i'  - 

2 _ __ 

■ P)  - k^Y^0  = 0 (2.3-22) 

s * 

We  use  the  symbol  ’ for  differentiation  with  respect  to  y,  and 


/°p 


a^cp(y)  = it^p  p(y)As 


A ( ) ^Cn^n 

“ “Cn^^n  •"  “Dp^p 


A (y)  = .■  

P VDn-^%% 


p 11*  * n *Vn 

\(v)  = 1 + — + —3—  (—  + -E-)  + JE  ( -S.  + S.) 

y KY)  -^^  2 ,2  ''D  D'  ,2'^D 

k ken  p knp 

s 

Equation  (2.3-22)  reduces  to  the  flathand  equation  for  the  rf  acoustic 
field.  Equation  (2.1-9),  for  Uq  = u^,  hence,  u^  = u^'  = 0. 

Equation  (2.3-22)  can  be  solved  only  numerically,  and  four 
boxmdary  conditions  are  needed  on  the  semiconductor  surface.  The 
solution  is  very  complicated  and  is  very  difficult  to  interpret  in  a 
meaningful  way.  However,  it  is  clear  that  for  near  flat -band  condi- 
tion, -vidiere  u^  and  u^'  are  small,  the  additional  terms  in  the  exact 
differential  equation  (Equation  2.3-22),  compared  to  Equation  (2. 3-18) 
are  very  small  and  can  be  neglected,  "y"  reduces  to  the  definition 
of Y in  Equation  (2.3-18),  hence,  the  effective  surface  conductivity 
is  a good  approximation  for  the  SAW- semi conductor  interaction  for 
this  range. 
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CHAPTER  III 


SEMICONDUCTOR  SURFACE  EVALUATION  USING  THE  SAW  CONVOLVER 
3 . 1 Introduc  tlon 
3.1.1  Experimental  Procedtire 

Determination  of  electrical  properties  of  semiconductor 
surfaces  is  important  for  solid  state  device  fabrication.  It  is 
very  much  desirable  to  determine  the  surface  parameters  in  the 
neighborhood  of  the  surface  without  any  bulk  effect  contribution  to 
the  measurement  procedure,  and  without  any  contamination  of  the  semi- 
conductor surface.  The  separated  media  space  charged  coupled  convolver 
satisfies  these  two  conditions  for  nondestructive  evaluation  of 
semiconductor  surfaces.  The  usefulness  of  the  device  arises  from  the 
fact  that  electric  fields  propagating  on  a piezoelectric  substrate 
penetrate  the  adjacent  semiconductor  to  a depth  of  approximately  a 

Debye  length.  The  electric  fields  interact  with  the  carriers  in  the 

13  15 

semiconductor,  which  result  in  attenuation  of  the  acoustic  waves,  * 

12 

change  in  the  acoustic  wave  velocity,  and  dc  voltages  are  developed 

13 

in  the  semiconductor.  When  two  inputs  are  applied  simultaneously 
at  the  two  ports  of  the  delay  line,  a convolution  voltage  appears 
across  the  semiconductor  with  twice  the  input  frequency. 

A proper  device  for  measurement  has  usually  three  termi- 
nals; terminals  "1"  and  "2"  are  connected  to  the  transducers  of  the 
SAW  delay  line  and  terminal  "3"  is  connected  to  the  back  side  of  the 
semiconductor  surface.  If  both  terminals  "1"  and  "2"  are  fed  with 
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em  rf  pulse,  terminal  "3"  throu^  a low-pass  filter  shows  the  normal 
component  of  acoustoelectric  voltage,  and  terminal  "2"  shows  the 
variation  of  delay  line  attenuation,  a.  Because  of  this  acousto- 
electric coupling  the  SAW  propagating  on  the  siirface  of  piezoelectric 
substrate  will  svtffer  more  attenuation  and  the  delayed  rf  signal 
from  terminal  "2"  has  ein  amplitude  variation  related  to  the  semicon- 
ductor surface  properties. 

Figure  3.I  shows  the  schematic  of  the  experimental  set-up. 
The  delay  line  is  Y-cut,  Z-propagating  lithivm  niobate  single  crystals 
of  2 mm  thickness  with  eui  interdigital  transducer  at  each  end.  The 
center  frequencies  of  the  transducers  were  either  45,  110,  or  230  MHz, 
each  having  a bandwidth  of  approximately  20^  of  the  center  frequency. 
The  delay  times  vstried  from  6 to  23  us  and  the  tuned  insertion  loss 
of  the  delay  lines  ranged  from  10  to  23  dB. 

In  all  the  experiments  reported  here,  the  semiconductor 
sample  was  placed  directly  on  the  delay  line  and  gentle  pressure  was 
applied  to  achieve  uniform  interaction.  The  electric  field  decay 
constants  at  45,  110  and  230MHzare  60,  25,  and  12  pm  respectively. 
Urns,  it  is  very  Important,  especially  at  higher  frequencies,  that 
no  dust  particles  separate  the  semiconductor  and  the  delay  line 
surfaces.  The  top  surface  of  the  semiconductor  was  metalized  in 
general,  either  by  silver  paint  or  evaporation  of  gold  or  aluminum, 
though  some  experiments  were  performed  using  either  no  top  contact 
at  all  or  an  air  gap  separating  the  metal  contact  and  the  semicon- 
ductor top  surface.  The  length  of  the  semiconductor  samples  varied 


between  0.5  and  4 cm.  A trsuisparent  meteJ.  contact  was  evaporated  at 
the  bottom  surface  of  the  delay  line. 

The  semiconductor  surface  was  \mifoimly  illuminated,  with 
light  shining  vertically  on  the  bottom  of  the  delay  line  using  a 
Bausch  and  Lomb  monochromator  and  a 45  W tungsten  lamp.  Three 
gratings,  ranging  from  0.3  to  0.8  0.7  to  1.6  u®  and  1.4  to  3*2  pm, 

were  used.  Different  filters  were  also  used  to  eliminate  the  higher 
order  spectra.  The  light  Intensity  on  the  semiconductor  surface  as  | 

measured  by  Eppley  thermopile  No.  8316  placed  behind  the  delay  line 

_2 

is  0.55  p,W  cm  at  500  nm,  and  increases  edmost  linearly  to 

1.18  ^iW  cm  at  700  nm.  In  the  infrared  range  (second  grating)  it 

•2  “2 

varies  fran  2.36  (iW  cm  at  790  nm  to  5 MW  cm  at  1 |jm.  Neutral 

density  filters  are  used  to  reduce  the  light  intensity  when  needed. 

All  the  experiments  were  performed  at  room  temperature. 

GaAs  samples  were  epitaxial  layers  n on  n^  2°  off  (lOO)-(llO),  having 

the  resistivities  0.7  ohm-cm  and  0.01  ohm-cm  and  thickness  2 pm  and 

15  mils,  respectively,  and  n on  Cr-doped  semi -insulating  substrate, 

6 8 

having  the  resistivities  0.7  ohm-cm  and  10  -10°  ohm-cm  and  thickness 
2.9  ajid  15  mils,  respectively.  The  epitaxial  layers  were  grown 
by  vapor-phase  epitaxial  growth  technique  using  organometallic 
compounds  as  sources  of  group  III  elements  and  hydrides  as  sources 
of  group  V elements.  CdS  samples  used  were  Grade  A and  UHP  quality 
obtained  from  Eagle  Pitcher.  The  room  temperature  resistivities  are 

O 

around  10°  ohm  cm  for  Grade  A and  10  ohm  cm  for  the  UHP. 
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The  input  to  the  delay  line  is  always  in  the  form  of  a 
rectangular  rf  pulse.  The  pulse  width  is  varied  from  a few  p.s  to 
tens  of  milliseconds,  depending  on  the  requirement.  This  pulsed 
method  allows  one  to  study  the  transient  response  associated  with 
different  time  constants. 

Both  acoustoelectric  voltage  and  the  attenuation  a are  used 

for  the  study  of  semiconductor  stirface.  When  the  attenuation  is 

used,  the  terminal  "3"  of  the  device  is  free  and  it  can  be  used  to 

apply  a dc  electric  field  normal  to  the  semiconductor  surface  to 

change  the  surface  bending  potential  and  bias  the  initial  sairface 

condition  to  accvimvilation,  depletion  or  inversion  condition. 

When  V is  used  for  sxirface  study  the  shift  in  surface 
ac 

potential  is  done  by  application  of  light.  Since  V is  a capacitance- 

CLC 

coupled  potential  from  the  piezoelectric  field,  it  is  a transient 
signal  and  the  steady-state  value  of  the  waveform  has  a zero  voltage 
level. 

3.1.2  The  Propagation  Loss,  Transverse  Acoustoelectric  Voltage,  and 
Convolution  Voltage 


Due  to  the  nonlinear  interaction  of  the  charge  carriers 
near  the  semiconductor  surface  with  the  electric  field  associated 
with  the  SAW,  both  delay  line  attenuation  and  acoustoelectric 
voltage  are  a function  of  the  initial  condition  of  semiconductor 


surface  potentiaCL  u prior  to  the  interaction  to  the  SAW.  In  the 
s 

absence  of  surface  states  the  surface  potential  u equals  the  bulk 

s 

potential  in  the  semi conductor  substrate. 


iMIi 
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However,  the  presence  of  sTirface  states  will  bend  the  energy 
band  in  the  semiconductor,  resulting  in  a non-zero  value  of  the 
surface  bending  potential,  U = u - u„,  which  can  be  positive  or 

S S D 

negative  dependent  on  the  type  of  surface  traps.  When  U is  posi- 

s 

tive  for  an  n_type  sample,  the  surface  charges  are  accvmiilated  and 

when  U is  negative,  the  semiconductor  surface  is  either  depleted 
s 

or  inverted.  The  resulting  attenuation  a and  acoustoelectric  V , 

8rC 

are  a function  of  the  amount  of  bending  potential  U . Light  inci- 

s 

dent  on  the  semiconductor  surface  can  be  used  to  vary  U , since  the 

s 

incident  intensity  will  change  the  charge  carrier  density  at  the 

surface  (and  hence  U ) by  band  to  band  carrier  generation  as  well  as 

s 

by  filling  s\xrface  traps. 

Each  of  the  four  experimentally  observable  results  are 

dependent  on  the  electrical  properties  of  the  semiconductor  surface. 

Therefore,  by  monitoring  the  delay  line  attenuation,  the  SAW  velocity, 

the  acoustoelectric  voltage,  or  the  convolution  voltage  while  the 

semiconductor  surface  properties  are  varied,  various  information  on 

the  semiconductor  surface  can  be  obtained. 

The  acoustoelectric  voltage  and  the  convolution  voltage 

appear  both  in  the  transverse  (perpendicular  to  the  direction  of  the 

SAW  propagation)  and  longitudinal  (along  the  direction  of  the  SAW 

propagation)  direction.  When  = cOg  the  longitudinal  convolution 
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voltage  is  zero.  In  this  work  we  are  concerned  only  with  the  trans- 


verse ccanponents  of  these  voltages.  Due  to  the  lack  of  a dc  path  in 


transient  phenomenon.  Figures  3-2  and  3.3  are  the  observed  attenua 


tion,  transverse  acoustoelectric  voltage,  and  the  auto-convolution. 


To  explain  the  shape  of  the  acoustoelectric  voltage  shown 


in  Fig.  3.2,  consider  an  n-type  semiconductor  with  a moderate  density 
of  STirface  traps  and  some  value  of  U ^ 0.  When  SAW  passes  under  the 


semiconductor  the  V rises,  the  surface  is  depleted  resxilting  in  a 

£LC 

storage  of  positive  charges  at  the  surface.  These  surface  traps  are 


charged,  and  screen  out  a portion  of  the  peak  acoustoelectric 


voltage,  until  the  acoustic  pulse  exists  under  the  semiconductor 


When  the  acoustic  pulse  terminates,  the  resulting  output  potential 


reverses  and  decays  to  zero.  The  decay  time  is  the  result  of  dis 


The  difference  in  the  peak  voltages  is  the  portion  which 


is  screened  out  by  traps  and  consequently,  is  a measure  of  the  density 


of  surface  traps.  When  the  surface  of  semiconductor  containing 


surface  traps  is  illuminated  by  a moderate  light  intensity,  the 


be  observed.  For  semiconductors  with  low  density  of  surface  states 


The  change  in  the  semiconductor  siirface  properties  can  be 


accomplished  by  an  external  dc  bias,  optical  generation  of  carriers 


temperature,  and  by  the  rf  electric  field  accompanying  the  acoustic 


In  this  Chapter  experimental  results  of  semiconductor  surface 


wave 


Fig.  3.2:  (a)  rf  Input  Pulse  to  the  Delay  Line,  v = 5 v/div.,  t = 1 psec/div 

(b)  Attenuated  and  Delayed  Output,  v = 1 v/div.,  t = 1 psec/div. 

(c)  Transverse  Acoustoelectric  Voltage,  v = 4 mv/div., 

t = 0. 5 msec/div. 

(d)  rf  Output  Pulse  from  the  Delay  Line,  v = 1 v/div., 

t = 0.5  msec/div. 
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evaluation  using  an  external  dc  bias  and  optical  generation  for 
changing  the  semiconductor  surface  properties  are  presented.  We  use 
the  space  change  coupled  surface  acoustic  wave  parameters  to  monitor 
both  the  dynamic  and  static  nature  of  these  changes.  A comparison  is 
made  between  the  different  monitoring  techniques  in  order  to  determine 
the  sensitivity  and  accuracy  of  each  one  of  them. 

3.2  Transient  Response  of  the  SAW  Propagation  Loss 
3.2.1  Pulsed  Field  Effect  on  SAW  Attenuation 

The  primary  objective  of  the  pulsed  field  effect  is  to 
study  the  transient  behavior  of  the  induced  charge  in  the  semicon- 
ductor surface  and  the  interaction  processes  leading  up  to  the  steady 
state  condition.  A fast  rise  time  p'ulse  is  applied  across  the  semi- 
conductor-delay line  structure,  and  the  resxilting  change  in  the 
stirface  conductance  and  the  density  of  trapped  carriers  in  the 
surface  states  is  observed  by  the  propagation  loss  of  the  delay  line. 

Figure  3*^  is  the  observed  output  of  the  delay  line  when 
a high  voltage  dc  pulse  is  applied  across  the  semiconductor-delay 
line  structure.  The  semiconductor  is  a 10  ohm-cm,  N-type  silicon 

wafer  with  a (lOO)  surface  orientation  and  high  polished  surface. 

o 

Sxirface  damage  had  been  reduced  by  growing  2000  A SiO^  in  dry  0^ 
ambient,  which  was  then  removed. 

For  a positive  high  voltage  dc  pulse.  Fig.  3-^sij  electrons 
are  expelled  from  the  surface  and  a depletion  layer  is  formed  at  the 
surface.  The  initial  rapid  decrease  in  the  SAW  attenuation 


r 
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Fig.  3«^  Attenuated  rf  Pise  while  an  External  dc  Pulse  is 

Applied  Across  the  Semiconductor  Delay  Line  Structure 
V = 0.1  v/div.,  t = 0.1  msec/div.  (a)  V,  = +300  V; 
(b)  = -300  V. 


corresponds  to  the  reduction  in  the  surface  conductance  due  to  the 
instantaneous  reduction  in  the  density  of  free  carriers  near  the 
semiconductor  svirface.  Thereafter,  electrons  are  thermally  emitted 
from  the  surface  states  into  the  conduction  hand  and  the  surface 
conductance  relaxes  toward  a new  steady  state  value,  which  is  higher 
than  that  at  the  beginning  of  the  dc  pulse.  For  small  variations  in 

I 

the  surface  conductance,  a linear  relation  between  the  surface  conduc-  j 

1 

tance  and  the  SAW  propeigation  loss  can  be  assumed,  thus,  the  relaxa-  < 

j 

1 

tion  in  the  delay  line  attenuation  to  the  steaxJy  state  condition  is 
with  the  siirface  state  time  constant.  This  time  constant  increases  | 

exponentially  with  temperatixre  auid,  therefore,  can  be  used  to  deter-  j 

mine  the  energy  position  of  the  svurface  states.  At  the  termination  | 

of  the  piilse,  the  unbalanced  positive  charge  in  the  empty  states  will  | 

accumulate  the  semiconductor  surface.  An  abrupt  increase  in  the  j 

3 

propagation  loss  is  observed  due  to  the  abrupt  increase  in  the  free 

carrier  density.  Thereafter,  the  capture  of  the  free  carrier  by  the  j 1 

I 

empty  surface  states  gives  rise  to  the  fast  relaxation  of  the  loss 
back  to  its  value  prior  to  the  application  of  the  pulse. 

The  negative  high-voltage  dc  pulse.  Fig.  3.**b,  results  in  an 
accimmlation  layer  and  electrons  tend  to  drop  into  unoccupied 
stirface  states.  At  the  onset  of  the  pulse,  the  delay  line  attenua- 
tion increases  with  a very  short  rise  time  due  to  the  large  increase 
in  the  free  carrier  density  near  the  semiconductor  surface.  The 
charging  of  the  surface  states  is  very  fast  emd  after  approximately 
10  ^sec,  a new  steady  state  is  obtained.  At  the  termination  of  the 
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pulse,  the  excess  trapped  electrons  initially  act  as  a sovirce  for 
electric  field  and  a depletion  layer  is  formed.  The  surface  conduc- 
tance drops  abruptly  and  hence,  an  abrupt  decrease  in  the  propaga- 
tion loss  is  observed  at  the  termination  of  the  pulse.  The  subse- 
quent thermal  release  of  carriers  from  the  surface  states  gives  rise 
to  relaxation  of  the  delay  line  attenuation  back  to  its  value  prior 
to  the  application  of  the  pulse.  The  difference  in  the  surface  state 
thermal  emission  time  constant  after  the  termination  of  the  accumu- 
lation layer  and  diiring  the  build-up  of  a depletion  layer  is  that  in 
the  first  case  the  relaxation  is  carried  out  under  an  external  dc 
bias  such  that  the  surface  is  in  depletion  condition.  The  relaxa- 
tion time  associated  with  the  start  of  a positi’  •*  Led  pulse  is 
very  similar  to  that  associated  with  the  termination  of  a negative 
applied  pvilse.  Usually  various  charge  states  are  involved  in  the 
charge  capture  and  emission  process.  Most  likely  the  fast  surface 
states  will  be  the  dominant  ones;  however,  if  several  sets  of  fast 
states  are  involved  in  the  relaxation  process  no  simple  exponential 
decay  is  observed.  In  order  that  simple  relaxation  will  be  observed 
the  steady  state  occupation  of  the  surface  state  shovild  be  controlled 
prior  to  the  application  of  the  dc  pulse.  Alternatively,  the  relaxa- 
tion study  is  done  at  different  temperatures.  Each  set  of  surface 
states  will  dominate  the  relaxation  process  at  different  temperature 
remgesand  can  be  singled  out  accordingly. 
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In  addition  to  the  fast  surface  states,  slow  surface  states 
(or  the  fixed  oxide  charge)  can  also  participate  in  the  relaxation 
process.  These  states  eure  the  resixlt  of  excess  silicon  species 
found  near  the  oxide  silicon  interface,  or  they  are  deep  level  traps 
due  to  contamination  of  the  semiconductor  surface.  The  density  of 
slow  state  is  independent  of  the  surface  potential;  it  is  located 
within  100-200  1 of  the  insulator  semiconductor  interface,  its 
density  is  stable  under  moderate  temperature  bias  tests,  and  it  can 
be  greatly  affected  by  oxidizing  conditions.  The  density  of  the 
slow  state  is  on  the  order  of  10  -10  /cm  for  thermally  oxided 

silicon.  These  states  are  primarily  traps  in  their  behavior,  hence 
the  surface  states  relaxation  time  constant  including  charge  transfer 
to  slow  surface  states  becomes  very  long.  In  most  cases,  the  emis- 
sion of  carriers  from  slow  state  is  negligible  compared  to  the  charge 
transfer  to  the  fast  surface  state.  However,  the  charge  trapped  in 
the  slow  states  or  in  the  oxide  traps  may  affect  the  steady  state 
sTorface  potential,  which  can  be  different  from  the  surface  potential 
prior  to  the  application  of  the  dc  pulse. 

The  change  in  steady  state  swface  potential  after  the 
application  of  the  dc  pulse  can  be  also  due  to  the  mobile  oxide 
charges.  Alkali  ions  such  as  sodium,  are  highly  mobile  in  silicon 
dioxide  and  can  cause  considerable  instabilities.  Due  to  the  high 
voltage  dc  pulse,  these  ions  may  change  their  position  in  the  oxide 
and,  hence,  the  steady  state  surface  potential  after  the  p\lLse  is 
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removed  will  be  changed 


3.2.2  Dynamics  of  Svirface  State — The  Shockley-Read  Model 

The  process  involving  carrier  exchange  between  the  surface 
states  and  the  conducting  bands  can  be  simplified  both  theoretically 
and  experimentally  if  the  interaction  of  the  surface  states  take  place 
with  a single  band.  This  reqvdres  an  extrinsic  semiconductor  and 
restricting  the  surface  potential  to  values  corresponding  to  accvunu- 
lation  and  shallow  depletion  layer  only.  Under  these  conditions, 
minority  carriers  are  effectively  absent,  and  any  charge  exchange 
takes  place  exclusively  between  the  surface  states  and  the  majority 
carrier  bands. 

Consider  an  n-type  semiconductor.  Under  no  external  dc 
bias,  the  semiconductor  sxirface  will  be  slightly  accmulated  due  to 
donor  type  surface  states  (this  represents  the  situation  in  thermally 
oxided  silicon  surfaces).  Suppose  that  at  t = 0,  a dc  pulse  is 
applied  such  that  the  semiconductor  surface  is  accumulated.  The 
charge  relaxation  time  in  most  cases  is  very  short  and  immediately 
after  the  application  of  the  pulse,  the  induced  charge  in  the  conduc- 
tion band  attains  an  equilibriun  distribution.  Fig.  3* 5a,  the  Fermi 
level  being  well  defined  in  the  space  charge  region  as  well  as  in 
the  bulk.  However,  the  surface  states  are  not  yet  in  equilibrium 
with  the  induced  charge.  Empty  states  are  now  under  the  Fermi  level, 
hence,  they  will  captvue  free  electrons  from  the  conduction  band. 

Fig.  3«5b«  When  equilibrium  conditions  are  reached,  part  of  the 


(b)  At  the  Onset  of  the  Pulse 
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induced  charge  resides  in  the  space  charge  region  and  the  rest  in 
the  surface  states.  Fig.  3.5c. 

When  the  dc  pulse  is  such  that  the  semiconductor  surface  is 
depleted,  an  abrupt  reduction  of  free  carriers  in  the  conduction  band 
vill  appear.  Fig.  Just  following  the  onset  of  the  dc  pxilse, 

surface  states  fully  occupied  by  electrons  will  appear  above  the 
Fermi  level.  Fig.  3*6b.  The  relaxation  to  equilibrium  condition 
involves  emission  of  electrons  from  svirface  states  into  the  conduc- 
tion band.  Fig.  3*^c. 

Under  these  circumstances,  the  rate  at  which  electrons  from 
the  conduction  band  are  captvired  by  the  surface  states  will  be  pro- 
portional to  the  mmiber  of  free  electrons  in  the  conduction  band, 
and  to  the  number  of  empty  states  available  to  receive  them.  We 
may  write  this  as 


R = c (N.  - n. )n 
cn  n t t s 


(3.2-1) 


where  c^  is  the  probability  per  free  electron  per  unit  time  that  a 

free  electron  will  be  captvired  by  an  empty  state.  This  constant  is 

related  to  the  capture  cross  section  and  the  average  thermal  velocity 

by  the  expression  c^  = ^t'^n*  ^t  densities  per 

unit  area  of  the  trapped  electron  «ind  the  total  states  respectively. 

n is  the  density  per  vinit  area  of  the  free  electrons  on  the  surface 
s 

and  is  determined  by  the  storface  potential.  Likewise,  the  rate  at 
which  electrons  are  emitted  from  filled  states  to  the  conduction 
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band  will  be  proportional  to  the  number  of  filled  states  and  can  thus 


where  e^  is  the  prohability  that  a full  state  will  emit  its  electron. 

The  net  rate  at  which  electrons  are  captured  from  the 
conduction  band  is  simply  the  difference  between  (3- 2-1)  and  (3.2-2) 


TT"  = c (N.  - n.  )n„  - e n. 
dt  n'  t t'  s n t 


(3-2-3) 


separating  the  free  carrier  density  and  the  trapped  surface  density 
into  equ'3'' ■'brium  and  time-varying  parts 


“s  - 


"t  = "to  * "t^‘> 

and  substitute  these  equations  into  (3-2-3)  we  obtain 


0 = c n ^(N.  - n,^)  - e n. _ 

n sO'  t tO'^  n to 


(3-2-4) 


for  the  equilibrium  carrier  density,  and 


dn  n n (t)  n (t) 

— i + n + _§ 1 

dt  ^ N.  n - J T 

t sO  e 


■^e^V^to)  "so 


(3-2-5) 


for  the  time  varying  carrier  density,  where 


e c n ^ + e 
n sO  n 


(3-2-6) 


Tg  is  the  STirface  state  emission  time  constant  when  the  change  in  the 


be  expressed  as 


R = e n, 
en  n t 


(3-2-2) 


88 


free  carrier  density  is  small.  The  equilibrium  trap  density  is  related 
to  the  density  of  the  surface  states  by  the  Fermi  fimction 


1 + I exp  (E^  - Ej,)/kgT 


= F N 


(3.2-7) 


•where  g is  the  degeneracy  factor. 

From  the  equilibrium  equation  (3.2-4)  -we  obtain  the  rela- 
tion between  the  emission  and  capture  probability 


<“t  - “to) 


sO  n. 


(3.2-8) 


where  n^  = N e 
1 c 


The  quantity  n^  is  the  electron  concen- 


tration which  Tfould  be  present  in  the  conduction  band  if  the  Fermi 
level  were  to  coincide  with  the  trap  level  E^. 

Consider  a dc  pulse  V « u(t)  - u(t-T)  applied  to  a 
semiconductor  such  that  an  abrupt  change  in  the  free  carrier  density 
occurs.  The  excess  free  carrier  density  at  any  time  is  determined 
by  the  applied  dc  pulse  and  the  relaxation  of  the  carriers  from  the 
stirface  states,  we  can,  therefore,  -write 

Hg(t)  = ng(0)  - n^(t) 

Substitute  this  into  Equation  (3*2-5)  and  solving  for  the  excess 
trapped  csurrier  density  resvilts  in 


Ht(t) 

”t  " "to 


= 2p 


1 - e 


(T-t)/t, 


1 + p(l+  C ) - ri  - [ 1 + p(l-f  C ) + n 


(3*2-9) 


Ti^ere 


^to 


n=  [1  + 2P(1 +e  ) + P^(1 

= -^e/^ 

P is  a measure  of  the  nonequilibrium  free  carrier  density  at  t = 0 
relative  to  its  equilibrium  value.  For  most  cases  under  considera- 
tion 5 is  a very  small  parameter  hence.  Equation  (3.2-9)  becomes 


_ 2B 

- “to  ' 1 Mi+5 


(1  - e 
+ n ' 


-t/x-  (T-t)/x 


(3.2-10) 


Eqviation  (3.2-10)  reduces  to  the  equation  derived  by  A.  Bers  et  al., 
for  the  special  case  where  the  free  carrier  density  near  the  surface 
remains  constant  during  the  time  that  the  p\iLse  is  on.  Hence,  for 
n^(0)»  n^(t)  or  5 « 1 


"t  - "to  1 


(3.2-11) 


Te/1  + P 


The  time  constant  x ^ describes  the  discharging  of  the  surface  state 
after  the  dc  pulse  is  removed,  whereas  x^  is  the  time  constant  for 
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filling  the  surface  states  during  the  pulse.  For  large  change  in  the 
free  carrier  density  by  the  dc  pulse  p »1  and  hence,  Xf  «Tg^ 
whereas  for  small  signal  p ^ 1 and  x^  = Tg* 

The  dynamics  of  continum  surface  state  is  very  similar  to 
the  single  state  dynamics  presented  above,  and  for  moct  cases  the 
single  state  is  found  to  be  a very  good  approximation  for  the  continuum 
surface  states. 

3.2.3  Free  Carrier  Density  at  the  Semiconductor  Surface 

In  Chapter  II  we  derived  the  relation  between  space  charge, 
carrier  concentration  and  electric  field  at  a semiconductor  surface 
as  a function  of  the  surface  potential.  For  an  extrinsic  semicon- 
ductor, the  solution  can  be  very  much  simplified.  Neglecting  the 
contribution  of  minority  carriers  to  the  space  charge.  Equation 
(2. 3-7)  becomes 


& , . 1) 

Sy"  Vs 

Integrating  from  bulk  toward  the  surface  gives 


(3-2-12) 


i—f 


(1  + In  — ) 


(3-2-13) 


where 


S ' -si? 


is  the  electric  displacement  perpendicular  to  the  surface,  and 


An  /2 
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is  a constant,  which  can  he  regarded  as  the  electric  displacement 
due  to  a surface  charge  en^  Xp  /2.  We  can  distinguish  two  main 
regimes: 

a.  Depletion 

When  n^  < n^j 

Do  ^ 

= -1  - In  — 

®0  . '% 


or 


n 


= exp  [-  - 1] 


h.  Accumulation 


“s  ^ \ 


n 


(^£,2  , .1 

“o  "b 


S\2 


(3-2-14) 


(3-2-15) 


Equations  (3.2-14)  and  (3.2-15)  describe  the  relation  between  the 
free  carrier  density  on  an  extrinsic  semiconductor  surface,  and  the 
displacement  field  perpendic\ilar  to  the  s\arface. 


3.2.4  Energy  and  Capture  Cross  Section  Distribution  of  Fast  Surface 
State 

The  steady  state  propagation  loss  of  the  delay  line  as  a 
function  of  the  applied  dc  bias  across  the  semiconductor-delay  line 
structure  is  shown  in  Fig.  3.7.  The  input  voltage  to  the  inter- 


dc.  Bias,  (V) 

State  Propagation  Loss  vs.  External 
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digital  transducer  is  10  V peak  to  peak.  As  the  surface 
potential  is  changed  from  accumulation  to  depletion  the  propagation 
loss  decreases.  In  deep  depletion  the  propeigation  loss  starts  to 
increase  due  to  the  contribution  of  minority  csu^riers.  In  order  to 
observe  the  maximum  in  the  delay  line  attenuation  in  the  accumulation 
region,  higher  voltages  sure  needed.  However,  the  maximum  can  be 
observed  at  lower  voltages  if  the  input  SAW  power  is  reduced  (dashed 
line),  because  the  acoustoelectric  interaction  by  itself  biases  the 
semiconductor  such  that  a depletion  layer  is  obtained  if  the  SAW 
power  input  is  reduced,  the  external  applied  dc  voltage  needed  to 
accumulate  the  semiconductor  surface  is  also  reduced. 

The  relation  between  the  electric  field  perpendicular  to 
the  semiconductor  surface  and  the  surface  potential  is  given  by 
Equation  (2.3-8).  Due  to  the  low  capacitance  of  the  piezoelectric 
substrate  (d^  = 2 mm,  = 50  e^)  compared  to  the  airgap  capaci- 
tance (h  < 1 |jm,  € = €q),  all  the  voltage  is  dropped  across  the 
piezoelectric  substrate.  Using  the  continuity  of  the  transverse 
displacement  field,  the  displacement  field  on  the  semiconductor 
surface  is  given  by 

Equations  (2.3-8)  and  (3.2-I6)  enable  us  to  calculate  the 


surface  pc  antial  for  a given  dc  bias.  However,  only  the  relative 
position  of  the  surface  potential  can  be  obtained,  due  to  the  band 
bending  prior  to  the  application  of  the  external  dc  pulse,  resulting 
from  the  surface  state  and  the  semiconductor-SAW  interaction.  Only 
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for  low  level  SAW  Input  power  and  low  density  of  surface  states^  flat 
band  condition  can  be  assumed  prior  to  the  application  of  the  dc 
pulse. 

The  relaxation  of  the  propagation  loss  during  an  external 
applied  dc  pulse  such  that  the  semiconductor  surface  is  depleted  is 
given  by  Eqmtion  (3.2-10).  Assuming  that  the  relaxation  of  the 
delay  line  attenuation  follows  linearly  the  relaxation  of  the  free 
carriers,  we  can  write, 

-t/  T 

a(t)  - a(0)  = a(l  - e ) (3-2-17) 

where 

Tf  = Vn  « yd  - 6) 

P is  a negative  quantity  smaller  than  vinity,  hence  the  time  constant 
for  the  relaxation  of  the  carriers  from  surface  states  under  deple- 
tion condition  become  larger  than  the  free  field  relaxation  time 
constant  ( Tf  ^ T^).  This  time  constant  becomes  larger  as  the  semi- 
conductor surface  is  biased  into  deep  depletion,  as  can  be  observed 
experimentally . 

Figure  3-8  is  a plot  of  the  propagation  loss  relaxation 
during  depletion  condition  on  the  semiconductor  s-urface.  The  change 
in  the  trapped  carriers  in  surface  states  is  related  to  the  change  in 

the  perpendicular  displacement  field  by 


D 

ss 


^a  ■ - "to) 


(3.2-18) 


i 
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where  D is  the  steady  state  displacement  field  and  D is  the 

SS  S' 


applied  displacement  field  on  the  semiconductor  surface.  The 
ch£uige  in  the  displacement  field  is  given  by 


g(0)  _ 


.(D^(0)/Dq)2. 


a. 


SS 


SS 


(3-2-19) 


where  D (O)  = D and  Equation  (3.2-14)  is  used  to  relate  the  free 

S St 


carrier  density  to  the  transverse  displacement  field  on  the  semicon- 
ductor star  face. 

The  relaxation  of  the  attenuated  rf  output  pulse  from  the 
delay  line  after  the  removal  of  the  accumulation  layer,  is  due  to 
the  release  of  trapped  electrons  from  soorface  states.  The  relaxa- 
tion is  according  to  Equation  (3. 2-10)  and  is  given  by 


“ss  ■ 


(3.2-20) 


This  is  a direct  measure  of  the  surface  states  time  constant,  which 
is  given  by  Equation  (3.2-6).  This  time  constant  is  related  to  the 
capture  and  emission  probability  from  the  soorface  states,  and  can  be 
used  to  determine  the  capture  cross  section  of  the  states.  From 
Equation  (3.2-6)  and  Equation  (3.2-8)  the  relaxation  time  constant 


Tg  is  given  by 


n 

11 
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The  ratio  is  found  to  he  in  o\ar  case  0.4l.  Hence  using 

Equation  (3.2-21)  the  captTxre  probability  can  be  found  for  each 
external  dc  bias. 

Figure  3.9  is  the  experimental  observation  of  the  relaxa- 
tion time  constant  after  the  negative  dc  bias  is  removed  (accumula- 
tion). As  the  semiconductor  surface  is  accumulated  more,  the  surface 
state  time  constant  increases  due  to  the  decrease  in  the  captiire 
cross  section  of  surface  states  that  are  closer  to  the  conduction 
band. 

Equation  (3.2-18)  gives  the  density  of  trapped  carriers  in 
the  surface  states  due  to  an  external  applied  field  such  that  the 
semiconductor  surface  is  accumulated.  Here  the  displacement  field 
is  given  by 

Ci(O)  “s'O)  (I>3(0)/D  . 1 

a = “ : (3.2-23) 

ss  ss  (Dss/Dq)  + 1 

where  D^(0)  = emd  is  the  steady  state  displacement  field  \inder 
accumulation  condition. 

Table  2.1  sunnarlzes  the  experimental  results  obtained 
from  the  dynamics  of  the  propeigation  loss. 


Time,  (msec) 

fig*  3*9  Propagation  Loss  Time  Constant  After  the  Negative  (Accumulation) 
dc  Bias  is  Removed 
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4 

1.17  X 10^ 

10.36 

151.4 

3 

8.49  X 10® 

18.31 

110  . 

2.5 

5.12  X 10® 

19.34 

78.1 

2 

2.26  X 10® 

22.31 

63.4 

1 

0.84  X lo"^ 

19.67 

33 

-3 

0.86  X 10® 

— 

26.16 

-8 

0.85  X 10® 

— 

55.16 

Table  3.1:  Excess  trapped  carriers  in  surface  states, 

filling  time  constant  and  emission  time  constant  for 
various  changes  in  surface  potential 


Figure  3. 10  is  a plot  of  the  electron  capture  cross  sec- 
tion as  a function  of  the  change  in  the  svirface  potential.  It  is 
observed  that  the  captvire  cross  section  is  constant  in  the  depletion 
region  and  decreases  in  the  accumulation  region.  The  reason  for  the 
decrease  in  majority  carriers  (electrons)  capture  cross  section, 
towards  the  conduction  band  is  possibly  due  to  the  screening  effect 

49 

of  free  carriers  at  the  interface  as  proposed  by  Nathanson.  Since 

-I/2 

the  Debye  length  at  the  sxirface  changes  with  n ' an  exponential 

* s 

decrease  of  A is  observed, 
n 

-2  -1 

Figure  3«H  shows  the  density  of  surface  states  (cm  eV  ) 
as  a function  of  the  change  in  surface  potential.  It  is  observed 


gap  and  increases  towards  the  conduction  band.  For  a long  time  it 

was  believed  that  surface  state  density  goes  down  toward  the  band 

edges.  It  has  now  become  apparent  that  this  drop  may  have  been  an 

artifact  of  measurement.  The  drop  towards  the  band  edges  is  only 
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observed  if  the  Gray-Brown  technique  is  used.  Boudry  has  shown 
that  an  increasing  surface  state  distributing  in  conjunction  with  a 
decreasing  capture  cross  section  can  resxilt  in  a very  low  surface 
state  density  if  the  Gray-Brown  technique  is  used.  Other  measure- 
ment techniques'*^  which  have  since  been  developed  all  show  a 


continuously  increasing  surface  state  density  and  a decrease  in  the 
majority  carrier  capture  cross  section,  close  to  the  band  edges. 

We  have  shown  the  SAW  convolver  can  be  used  to  determine 

the  svirface  states  density  and  captvire  cross  section  distribution  in 


the  energy  gap,  however,  several  limitations  have  to  be  considered. 


i.  The  assumption  of  linear  relation  between  the  delay  line  propa- 
gation loss  and  the  free  carrier  density  is  true  only  for  low 
density  of  surface  states  and  an  extrinsic  semiconductor. 

Figure  3.12  shows  the  delay  line  output  for  10  ohm-cm  N-type 
semiconductor  with  high  density  of  surface  state.  The  change 
in  the  propagation  loss  diiring  the  relaxation  of  surface  states 
is  very  high  and  it  extends  beyond  the  linear  region  of  the 
attenuation-surface  potential.  Due  to  the  large  number  of 
free  carriers  released  from  the  surface  state,  the  change  in 
the  svirface  potential  is  no  longer  small  and  a maximum  in  the 


proj)agation  loss  is  observed. 
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ii.  In  order  to  get  absolute  values  of  surface  potential  very  low 
SAW  input  power  is  needed,  such  that  no  change  in  the  semicon- 
ductor surface  potential  occurs  prior  to  the  application  of  the 
external  dc  bias.  This  requires  a special  care  in  the  device 
fabrication  such  as  viniformity  of  the  air  gap,  thin  substrate 
in  order  to  reduce  the  external  dc  bias,  and  very  low  propaga- 
tion loss  in  the  device. 

iii.  Only  the  shallow  depletion  region  can  be  studied  by  this 

technique  due  to  the  fact  that  the  effective  conductivity  model 
is  not  valid  for  deep  depletion.  An  accurate  theory  has  to  be 
used  for  the  deep  depletion  region, 

iv.  There  are  no  restrictions  for  the  deep  acciamulation  region, 
hence,  it  is  possible  to  study  surface  state  properties  very 
close  to  the  conduction  band.  However,  the  signal  to  noise 
ratio  increases  when  very  high  voltages  are  applied  to  our 
devices.  This  can  be  eliminated  by  special  care  in  the  device 
fabrication. 


5.2.5  Slow  Surface  States 


Surface  states  relaxation  can  be  dominated  by  slow  surface 
states.  In  this  case,  the  relaxation  of  the  attenuated  rf  pulse  is 
very  long,  of  the  order  of  msec  or  more.  Figure  3*13&  shows  the  out- 
put of  the  delay  line  for  a negative  dc  bias  (accumulation)  applied 


L 


A 


across  the  semiconductor  and  delay  line  structvire.  The  semiconductor 

is  n-type  10  ohm-cm  silicon,  no  special  treatments  have  been  done 

to  reduce  the  density  of  the  interface  states.  For  real  surfaces, 

slow  surface  states  are  trapping  center,  whereas  the  fast  surface 

states  are  recombination  centers.  For  very  high  density  of  slow 

states  the  surface  states  relaxation  can  completely  dominate  the 

relaxation  process.  Typically,  the  slow-state  density  is  at  least 
11  -2 

10  cm  . The  effect  of  the  slow  states  on  the  transient  response 
of  the  delay  line  attenuation  is  to  make  the  relaxation  time  longer. 
Hence,  the  first  part  of  the  decay  is  due  to  the  fast  states  whereas 
the  long  tail  in  the  relaxation  is  due  to  the  slow  states.  It  is 
possible  to  eliminate  slow  states  from  participating  in  the  charge 
exchange  with  the  conduction  band  by  filling  them  by  means  of  an 
additional  dc  pulse  prior  to  the  transient  study,  or  eliminate  the 
long  tail  by  light  as  seen  in  Fig.  This  technique  is  very 

hard  to  implement  in  ovtr  case  and  thus  it  is  recoinnended  that  for 
fast  states  study,  a special  surface  treatment  will  be  done  in  order 
to  reduce  the  slow  states  density.  Optical  absorption  by  the  slow 
states  is  used  in  Chapter  IV  to  study  the  location  of  slow  states. 
Figures  3* 13b  and  3*1^  show  the  sensitivity  of  these  states  to  optical 
excitation. 
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3.3  Transverse  Acoustoelectric  Voltage  Inversion 

The  acoustoelectric  voltage  is  the  dc  voltage  developed  in 
the  semiconductor  due  to  the  nonlinear  interaction  "between  the  rf 
electric  field  accompanying  the  surface  acoustic  waves,  suid  the  free 
carriers  in  the  semiconductor.  The  acoustoelectric  voltage,  like 
the  proi>agation  loss  depends  on  the  surface  properties  of  the  semi- 
conductor, especiaUy  the  surface  conductivity  and  surface  states 
density.  Bq.iiation  (2.2-15)  descri"bes  the  acoustoelectric  voltage 
for  an  infinite  semiconductor,  whereas  Equation  (2.1-17)  is  for  a 
finite  semiconductor.  It  is  observed  in  Figs.  2.8  and  2.9  that  the  trans- 
verse aejustoelectric  voltage  is  positive  for  n-type  semiconductors 
and  negative  for  p-type  semiconductors.  A change  in  the  sign  of 
the  acoustoelectric  voltage,  and  two  maxima — one  in  the  accimiula- 
tion  region  and  the  second  in  deep  depletion,  are  observed  when  the 
semiconductor  surface  potential  is  changed  from  accimiulation  through 
depletion  to  inversion  (Fig.  2.17).  The  highly  sensitive  acousto- 
electric voltage  to  semiconductor  surface  potential  can  be  used  as 
a sensor  for  steady  state  changes  in  the  surface  potential. 

Chapter  IV  is  concerned  with  semiconductor  surface  spectroscopy 
using  the  acoustoelectric  voltage  as  a detector  for  the  optical 
absorption  by  the  semiconductor. 

The  acoustoelectric  voltage  inversion  can  be  observed 
experimentally  in  Fig.  3*14.  Commercially  available  single  crystal 
of  CdS  grown  by  Eagle-Pitcher  is  used.  The  room  temperature  resis- 


Fig.  3.IU  Transverse  Acoustoelectric  Voltage  Inversion 

(a)  Dark  Condition,  (b)  Attenuated  rf  Output  Pulse, 

-2 

(c)  Light  Intensity  2.86  mw  cm  , (d)  Light  Intensity 
5.55  mw  cm‘^.  t = 5 msec/div.,  =0.4  mv/div., 

a. 

= S mv/div.,  = 9 mv/div. 
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tivlty  is  around  10°  ohm-cm  (Grade  A crystal).  The  dark  acousto- 
electric voltage  for  10  V pe«k-to-peak  Input  voltage  and  25  msec 
duration  pulse  is  shown  in  Fig.  3.1^-  The  acoustoelectric  voltage 
is  very  low  due  to  the  high  resistivity  of  the  crystal.  When  light 
of  intensity  2.88  mw  cm  is  applied  on  the  semiconductor  surface 
from  the  bottom  of  the  delay  line,  a transient  phenomenon  is  observed, 
auad  the  transverse  acoustoelectric  voltage  reverses  polarity  before 
decaying  to  zero,  as  seen  in  Fig. 

Fig.  3»l4b.  A steady  state  condition  in  which  a transition  from 
positive  to  negative  peak  acoustoelectric  voltage  is  obtained  at  the 
beginning  of  the  rf  pulse.  Both  the  positive  and  the  negative  peak 
voltages  remain  constant  as  long  as  the  light  intensity  is  constant. 
At  the  end  of  the  rf  pulse,  a similar  transition  can  be  observed  with 

different  time  constahts  and  peak  voltages.  When  the  light  intensity 

-2 

increased  to  5*55  mw  cm  , a complete  acoustoelectric  volteige  inver- 
sion occurs,  a negative  peedc  acoustoelectric  voltage  appears  at  the 

beginning  of  the  rf  pulse  compared  to  the  positive  peedc  voltage  in 
dark  condition.  During  the  acoustoelectric  voltage  inversion,  the 
difference  between  the  peak  voltages  at  the  beginning  and  at  the  end 
of  the  rf  pulse,  silso  changes  sign.  Fig.  3*  15*  In  dark  condition, 
the  first  peak  is  larger  than  the  second  peak,  whereas  after  inver- 
sion, the  second  peak  is  larger  than  the  first  one. 

A possible  mechanism  for  the  acoustoelectric  voltage  inver- 
sion is  that  under  low  level  generation  of  hole-electron  pairs,  the 
photoconductive  Grade  A CdS  surface  potential  will  be  in  near 


vs.  Light  Intensity 


flat-band  condition.  The  reason  for  that  is  that  minority  carrier 
lifetime  in  CdS  is  very  short,  whereas  majority  carrier  lifetime  is 
very  long  due  to  very  high  trapping  density  (the  high  resistivity  is 
achieved  by  compensation  of  the  impurities  which  result  in  high 
density  of  traps).  Due  to  optical  generation  the  surface  conductance 
will  be  increased  and  the  surface  potential  will  shift  from  deple- 
tion to  near  flatband  condition.  When  the  acoustic  rf  pulse  propa- 
gates xmder  the  semiconductor,  nonlinear  interaction  with  the  free 
carriers  on  the  semiconductor  occurs,  resulting  in  a dc  acousto- 
electric voltage.  The  dc  transverse  acoustoelectric  voltage  is  such 
that  minority  carriers  are  pulled  to  the  surface,  whereas  majority 
carriers  are  repelled  from  the  surface.  At  t = 0^,  majority  carriers 
dominate  the  nonlinear  interaction.  As  the  transverse  acoustoelectric 
voltaige  increases,  more  minority  carriers  will  be  pulled  to  the 
surface  and  after  a while,  minority  c€u:riers  will  dominate  the 
interaction  resulting  in  a change  in  the  sign  of  the  acoustoelectric 

voltage.  For  high  level  generation  of  hole-electron  pairs 
an  inversion  layer  is  formed  instantaneously  on  the  semiconductor 
surface  by  the  dc  acoustoelectric  voltage,  and  a complete  change  in 
the  voltage  sign  is  observed. 

To  eliminate  the  inversion  layer  due  to  the  dc  transverse 
acoustoelectric  voltage,  a small  signal  rf  pulse  is  needed  as  can  be 
observed  in  Fig.  3*16.  When  the  input  voltage  to  the  interdigital 
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Light  Intensity  3.5  mW-cm 


Peak  Transverse  Acoustoelectric  Voltage  vs.  Input  Voltage 
to  the  Interdigital  Transducer*  The  Transition  Region  shown 
by  Double  Value  of  Peak  Voltages  Associated  with  the  Negative 
and  Positive  Peak  Voltages  appear  at  the  Beginning  of  the  rf  Pulse 
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transducer  is  reduced,  the  inversion  layer  disappears,  and  a change 
in  sign  back  to  dark  condition  is  observed. 

The  transverse  acoustoelectric  voltage  inversion  is  observed 
only  in  high  resistivity  materials.  For  an  extrinsic  semiconductor 
the  optical  generation  of  hole-electron  pairs  may  increase  or  decrease 
the  acoustoelectric  voltage,  depending  on  the  semiconductor  surface 
potential  and  the  absorption  coefficient.  For  Si  10  ohm-cm  n-type 
material  the  acoustoelectric  voltage  increases  for  low  level  genera- 
tion, and  decreases  for  high  level  generation,  whereas  for  GaAs 
0.7  ohm-cm  the  acoustoelectric  voltage  decreases  even  for  low  level 
generation  and  reaches  constant  value  for  high  level  generation  as  can 
be  observed  in  Fig.  3* 17*  The  reason  for  that  is  that  the  GaAs 
conductivity  is  very  high,  and  its  absorption  coefficient  is  very 

high.  Thus  due  to  an  optical,  absorption  the  conductivity  increases  | 

\ 

abruptly  to  the  region  where  the  acoustoelectric  volteige  reduces  | 

with  any  increase  in  the  carrier  density.  The  absorption  coefficient 
for  silicon  is  much  less  than  for  GaAs,  hence,  the  increase  in  the 
conductivity  due  to  optical  absorption  is  less  steep,  thus  we  can 
observe  the  maximum  in  the  acoustoelectric  voltage  as  the  conduc- 
tivity  increases.  ! 


I 
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Fig.  3.17  Peak  Transverse  Acoustoelectric  Voltage  vs.  Light  Intensity 
for  Silicon,  10  ohm-cm  n-type,  and  GaAs  O.7  ohm-cm  n-type 
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3.4  Riotoconductivity  Study  using  SAW  Convolver 

The  coupling  between  acoustic  surface  wave  and  the  semi- 
conductor in  the  separated  medimn  configuration  depends  on  the 
electronic  properties  of  the  semiconductor  surface,  specifically  the 
conductivity  and  the  surface  state  charge  density.  The  conductivity 
determines  directly  the  nonlinear  coupling  and  the  insertion  loss, 
the  surface  states  determine  the  dc  siirface  potential  and  hence, 
indirectly,  the  interaction  strength.  Because  of  the  photoconduc- 
tivity of  the  semiconductor,  these  surface  parameters  vary  according 
to  the  intensity  of  any  incident  illumination  on  the  semiconductor, 
hence,  the  SAW  convolver  can  be  used  as  a detector  in  the  photocon- 
ductivity experiment. 

The  basic  process  of  photoconductivity  is  the  production 
of  "free"  charge  carriers  in  a semiconductor  by  optical  excitation. 
Optical  excitation  raises  electrons  to  the  conduction  band  where 
they  are  free  to  conduct,  at  the  same  time  leaving  holes  in  the 
valence  band  which  further  adds  to  the  conductivity.  It  is  also 
possible  to  excite  one  type  of  free  carrier  to  and  from  an  impurity 
level. 

Riotoexcitation  of  electron-hole  pairs  results  in  an 
increased  conductivity  that  is  terminated  either  when  the  excited 
carriers  recombine,  or  when  carriers  are  drawn  out  by  the  electrodes 
affixed  to  the  crystal,  without  being  replenished  from  the  opposite 
electrode.  The  lifetime  of  a free  carrier  is  the  length  of  time  that 
it  is  available  to  contribute  to  the  conductivity.  We  may  associate 


a lifetime  with  each  of  the  carriers,  so  that  it  is  possible  to 


relate  the  carrier  density  to  the  generation  rate,  g sec  cm 


where  p and  n are  the  density  of  the  photoexcited  free  carriers,  t 


and  T are  the  hole  and  electron  lifetimes  respectively.  The  photo 


conductivity  decay  after  the  light  source  is  removed  is  given  by 


where  is  the  photoconductivity  response  time 


The  response  time  is  equal  to  the  minority  carriers  life 


times  only  when  direct  recombination  dominates  the  recombination 


T . When  the  recombination  process  occurs  via 


various  recombination  centers  in  the  energy  gap,  the  response  time 


is  larger  than  the  lifetime.  The  reason  for  that  is  that  we  must 


wait  not  only  for  the  free  electrons  to  be  captured  into  the  recom^ 


bination  states,  but  also  for  the  trapped  electrons  to  be  emptied  into 


the  recombination  states  via  thermal  excitation  into  the  conduction 


band  and  subsequent  capture.  Hence,  the  decay  time  of  the  photo 
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where  and  are  the  density  of  trapped  carriers  after  illumina- 
tion. 

For  low  level  generation  of  hole-electron  pairs,  the 
change  in  surface  conductivity  is  small,  and  a linear  relation 
between  the  propagation  loss  and  the  surface  conductivity  can  be 
assumed.  We  can  write 

a^t)  = a a(t)  (3*^-3) 

where  a(t)  is  defined  by  the  relation 


out  -al 

V.  “ ® 

in 


(3.4-4) 


where  1 is  the  semiconductor  length,  and  are  the  input  and 

output  voltages  to  the  delay  line,  respectively. 

The  measurement  system  is  shown  in  Fig.  3«l8.  A xenon  flash 
tube  is  used  as  a source  of  the  visible  light  to  ill\miinate  the 
sample.  The  measurement  begins  with  a trigger  pulse  starting  the 
oscilloscope  sweep  and  the  multiple  generator.  One  pulse  is  used  to 
modulate  the  cw  input  to  the  delay  line,  the  other  is  used  to  trigger 
the  pulse  generator  which  is  turning  on  the  flash  tube.  The  flash 
tube  produces  an  intense  light  pulse  for  about  4 ^sec.  At  the  peaJs 
of  the  light  pulse,  which  occtirs  about  2 ^sec  from  the  time  the 


SCOPE  TRIGGER 


Fig.  3.18  Block  Diagram  for  the  Photoconductivity  Study  using 
the  SAW  Convolver 
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flash  tube  Is  turned  on,  a {ulse  is  used  to  fire  the  hydrogen  thyra- 
tron  connected  across  the  Kerr  cell  through  a pulse  forming  network. 

Hie  Kerr  cell,  together  with  the  polarizer  and  analyzer,  form  a high 
speed  shutter  iidiich  interrupts  the  xenon  light  in  a few  nanoseconds. 

This  is  fast  enough,  since  the  shortest  lifetime  encountered  during 
this  work  is  a few  microseconds.  Once  the  Kerr  cell  was  biased  to 
block  the  xenon  source,  it  remained  in  a blocking  condition  for 
several  hundred  microseconds. 

Figure  3*19a  shows  a photodiode  response  of  the  flash  tube. 

Hie  time  scale  is  1 pisec/division.  The  Kerr  cell  is  pulsed  2 ^lsec 
after  the  flash  tube  to  turn  the  light  off.  Figure  3*191>  shows  the 
attenuated  rf  acoustic  pulse  for  Si  10  ohm-cm  n-type  sample  placed 
above  the  delay  line.  It  can  be  observed  that  as  the  light  turns  on 
the  attenuation  increases  due  to  an  increase  in  the  surface  conduc- 
tance. As  the  light  turns  off  attenuation  decreases  following  the 
photoconductivity  decay  due  to  recombination  process  of  the  excess 

Q 

carriers.  The  photoconductivity  decay  for  Grade  A CdS  ( 10°  ohm-cm) 

is  shown  in  Fig.  3*20.  A short  rise  time  and  a long  response  time 
are  observed  -for  this  photoconductive  material.  Although  the  SAW 
propagation  loss  does  not  vary  linearly  with  surface  conductivity 
for  wide  range  of  surface  conductivity,  for  low  level  generation,  the  j 

change  in  surface  potential  is  very  low,  and  we  can  assvone  a linear 

j 

relation  between  the  attenuation  and  the  surface  conductivity.  This  j 


can  be  seen  in  Fig.  3.21,  which  shows  the  actual  decay  of  the 
attenuated  rf  pulse.  It  is  observed  that  the  photoconductivity  decay 
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cannot  be  represented  by  a simple  exponential,  decay  with  one  time 
constant.  However,  due  to  the  Jnrge  difference  between  the  two  time 
constants  observed  in  the  decay,  we  can  approximate  the  decay  by  a 
s\mi  of  two  exponents.  At  the  beginning  of  the  decay  the  response 
time  is  dominated  by  the  recooDiblnation  centers,  tdiereas  as  time 
increases,  the  response  time  is  dominated  by  the  trapping  centers. 

In  the  case  that  these  two  processes  have  a large  difference  in  their 
time  constants,  the  recombination  time  constant  is  equal  to  the  free 
carriers  lifetime,  whereas  the  trapping  time  constant  is  a measure 
of  the  density  of  the  trapping  centers  in  the  semiconductor  according 
to  Equation  (3.4-2). 

, Using  the  above  assumptions,  the  delay  line  attenuation  can 
be  written  as 

-■t/Toi  -Vtq2 

a(t)  -%  = ^ (3-4-5) 

where  is  the  propagation  loss  prior  to  the  application  of  the 

ll^t.  Figures  3-22-3.23  are  the  plots  of  the  logarithm  of  the 

change  in  the  attenuation  vs.  time  using  Equation  (3-4-5).  The 

recombination  response  time  of  the  silicon  samples  and  CdS  are  in 

7'?-74 

good  agreement  with  the  reported  lifetime  for  these  materieLLs. 
However,  it  is  not  clear  vby  Si  has  a longer  trapping  time  constant 
than  Si^. 

S^or  epitaxial  layer  GaAs  n on  n^  the  photoconductivity 
decay  cannot  be  separated  into  two  simple  exponential  decay 


3.22  Logari 
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Fig.  3.2^  Logarithm  of  the  Delay  Line  Attenuation  vs.  Time  for  GaAs  O.T  ohm-cm  n-type 
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as  the  interaction  between  the  trapping  and  recombination  centers 

cannot  be  neglected.  Thus,  further  experimental  data  (such  as  the 

decay  study  at  low  temperature)  are  needed  in  order  to  distinguish 

-between  the  recombination  process  €uid  the  trapping  process.  We  can 

point  out  that  the  large  response  time  for  GaAs  as  shown  in  Fig. 

3.24,  is  an  indication  of  the  high  density  of  recombination  and 

trapping  centers,  especially  -vdiere  it  is  possible  that  surface  states 

dominate  the  photoconductivity  decay.  Hilsum  and  Holeman^^  found  an 

effective  lifetime  in  n-type  GaAs  with  n = 2 x 10^^  of  60  jisec  for 

52 

electrons  and  0.5  nsec  for  holes.  L.  Jastrzebski  et  al. .reported 
that  GeJ^s  surfaces  have  sTjrface  recombination  velocities  of  the 
order  of  10^  cm/ sec. 

Table  3*2  summarizes  the  experimentsil  observed  response 
time  for  different  materials. 


Material 

psec 

Tq2  l-isec 

Silicon®  n-type  10  ohm-cm 

2.03 

20.27 

Silicon^  n-type  10  ohm-cm 

1.32 

4.6 

Q 

CdS  n-type  ohm-cm 

260 

869 

GaAs  epiteocial  layer  (2  pm) 
n on  n^  0.7  ohm-cm 

6.49 

43.71 

Table  3*2;  Hiotoconductivity  Response  Time 


Si®  is  €Ui  n-type  sample  after  specisLl  stirface  treatment  to  reduce  the 
surface  state  density.  Sl^  is  a commercially  available  n-type  san^le. 
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Hie  main  advantage  of  the  photoconductivity  study  using 
the  SAW  convolver  is  the  absence  of  any  contact  to  the  semiconduc- 
tor, however,  several  limitations  should  be  considered; 

i.  Ihe  semiconductor- SAW  interaction  is  a surface  phenomena,  hence 
the  recombination  process  of  free  carriers  as  observed  by  the 
delay  line  output  is  due  to  bvilk  recombination  emd  surface 
recombination.  The  response  time  is  a function  of  an  effective 
lifetime  ^ich  takes  into  account  the  cross  section  dif- 

fusion current,  and  is  related  to  the  bulk  lifetime,  surface 
recombination  velocity,  and  cross  section  dimensions.  The 
separate  surface  and  biilk  parameters  can  be  obtained  from  a 
measurement  of  effective  lifetime  provided  the  dimensions  of 
the  sample  eure  properly  controlled.  In  filaments  of  small  cross 

section  or  small  bulk  lifetime  t = t,  , vdiere  t,  is  the 

eff  b b 

bulk  lifetime.  For  thin  samples,  on  the  other  hand,  s\irface 
recombination  may  become  dominant  and  can  be  determined  directly. 
For  intermediate  conditions,  additional  data  have  to  be  used. 

ii.  In  the  absence  of  any  biasing  voltage,  the  n-type  Si  semiconductor 
is  ass\aned  to  be  in  flat  band  condition  or  slightly  in  accumu- 
lation. When  a siirface  acoustic  wave  propagates  \inder  the  semi- 
conductor 8in  rf  electric  field  and  a dc  acoustoelectric  voltage 
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axe  generated  on  the  semiconductor  surface.  The  overall 
effect  of  the  acoustic  field  will  be  to  deplete  the  surface. 

The  dc  acoustoelectric  field  is  also  in  the  direction  to  reject 
majority  carriers  from  the  surface.  We  can  conclude  that  the 
additional  electric  fields  near  the  semi  conductor  surface  will 
cause  a difference  in  the  optical  generation  density  of  carriers. 
Low  level  SAW  input  power  is  needed  in  order  to  keep  the 
condition  n = p near  the  semiconductor  surface. 

The  recombination  process  dviring  the  photoconductivity 
decay  involves  both  bulk  and  surface  recombination.  It  is  possible 
to  separate  these  two  recombination  mechanisms  by  applying  an  external 
dc  bias  across  the  semiconductor-delay  line  structure.  When  a 
depletion  layer  is  generated  at  the  stirface  of  the  semiconductor  a 
decrease  in  the  propagation  loss  is  observed.  Under  illvimination, 
minority  carriers  generated  in  the  depletion  layer  are  pulled  almost 
insteuataneously  towards  the  surface,  due  to  the  influence  of  the 
large  electric  field  in  the  depletion  layer.  At  the  same  time, 
electrons  move  towards  the  bulk  of  the  semiconductor.  Due  to  the 
presence  of  the  surface  states  the  holes  will  either  be  trapped  or 
will  be  accumulated  near  the  semiconductor  surface  as  free  carriers 
(the  surface  will  be  in  inversion  of  deep  depletion  condition). 
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Hence,  after  the  optical  excitation  the  steady  state  propagation  loss 

will  be  higher  than  the  loss  prior  to  the  excitation  due  to  the  high 

density  of  free  carriers  near  the  surface  and  due  to  the  screening  ■ 

i 

of  the  external  dc  bias  by  the  additional  trapped  carriers  in  the 
surface  states. 

Figure  3*25  shows  a plot  of  the  envelope  of  the  attenuated 
rf  pulse  recorded  by  an  x-y  plotter  for  three  different  biases  (for  Si^). 

The  effect  of  minority  cetrriers  acctnnulating  near  the  semi  conductor 
surface  is  observed  by  the  new  steady  state  formed  after  the  photo- 
conductivity decay  is  terminated.  For  negative  bias  such  that  the 
semi  conductor  surface  is  accinnulated,  the  steady  state  after  the 
optical  generation,  is  changed  only  by  a small  amount  due  to  the 
majority  carriers  trapped  in  the  stirface  states. 

The  response  time  for  all  three  different  biases  is  very 
similar.  This  is  an  indication  that  bvilk  recombination  dominates 

the  photoconductivity  decay,  as  indeed  one  wo\ild  expect  for  silicon  * 

where  lifetime  is  large  and  surface  recombination  is  very  low.  It  is 
possible,  however,  to  observe  the  surface  recombination  contribution 
to  the  liiotoconductivity  decay  in  GaAs.  For  large  negative  voltages 

(-900  V and  above)  the  response  time  becomes  larger  due  to  the  reduc-  ^ 

i 

tion  in  the  surface  recombination  velocity.  The  reason  for  the  high  J 

voltages  needed  to  accumulate  the  surface  such  that  the  reduction 

in  surface  recombination  can  be  observed  is  due  to  internal  depletion  i 

caused  by  the  acoustoelectric  interaction.  The  signal  to  noise  ratio  | 
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Fig.  3.25  Hiotoconductivity  Decay  for  n-type  3i  (Si  ) while  an  External  dc  Bias 
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for  this  range  of  voltages  is  too  high  for  valuable  measurement  by 
the  x-y  plotter.  Thus,  low  level  SAW  input  power  is  required  for 
observing  the  contribution  of  surface  recombination  to  the  response 
time.  In  addition,  the  external  dc  bias  can  be  reduced  by  using 
very  thin  piezoelectric  substrates. 

3.$  Semiconductor  Surface  Study  using  SAW  Velocity  Change 

The  space  charge  coupled  interaction  of  SAW  propagating 
on  a piezoelectric  substrate  with  a semiconductor  placed  in  proximity 
gives  rise  to  a change  in  the  SAW  velocity.  The  change  in  SAW 
velocity  (like  the  attenuation,  dc  acoustoelectric  voltage,  and  convo- 
lution voltage  ) , depends  strongly  on  the  semiconductor  svirface  conduc- 
tivity and  the  density  of  active  surface  states.  The  first  one 
determines  directly  the  change  in  SAW  velocity  to  an  electrical  load 
to  the  surface;  the  surface  states  determine  the  change  in  SAW  velo- 
city indirectly  by  affecting  the  semiconductor  surface  potential. 

By  mixing  the  delay  line  output  with  a suitable  reference 
while  the  surface  potential  is  externally  distiirbed,  the  change  in 

SAW  velocity  can  be  accurately  measured.  This  method  is  very  sensi- 

-3 

tive  and  a change  in  SAW  velocity  on  the  order  of  10  precent  is 
measurable  with  a simple  experimental  set-up.  This  velocity  chajige 
corresponds  to  a disturbance  in  surface  potential  less  than  2 mV. 


{ 
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The  experimental  arrangement  is  shown  in  Fig.  3-26.  An  rf 
is  fed  to  a power  splitter  and  one  of  the  outputs  is  passed  throxigh 
the  delay  line.  The  delayed  output  is  amplitude  limited  by  a two- 
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sided  limiter  such  as  saturated  amplifier,  and  then  attenuated  and 
applied  to  the  mixer.  The  reference  signal  to  this  mixer  is  the 
second  output  of  the  splitter  and  its  output  is  filtered  to  obtain 
the  dc  component.  The  result,  observed  on  the  oscilloscope,  is  a 
voltage  -which  is  a function  of  phase  difference  between  the  t-wo 
signals.  Figure  3*27  is  a multiple  exposure  photograph  of  the  mixer 
output  -when  -the  surface  is  undisturbed.  The  mixer  output  -varies  with 
the  input  freq-uency  con5>leting  one  cycle  every  90  KHz,  corresponding 
to  a 4 cm  interaction  range  and  a SAW  velocity  v^^  = 3.6  x 10^  cm 
after  silicon  is  placed  on  LiUbO^. 

The  frequency  is  adjusted  for  mixer  output  at  zero  level  and 
the  silicon  surface  is  disturbed  by  -the  application  of  a plate 
voltage  pulse,  \c>  across  -the  silicon  LiNbO^  structure.  The  effects 
of  this  voltage  on  the  delay  line  output  are  shown  in  Fig.  3.28a. 

The  ampli-tude  variations  are  undesirable  since  they  will  contribute 
to  the  dc  component  of  the  mixer  output  and  distort  the  phase  infor- 
mation. Figure  3* 28b  shows  the  rf  output  after  the  limiter  and  Fig. 
3.28d  is  the  voltage  associated  with  -the  phase  difference  between 
the  two  signals.  Since  the  frequency  is  now  constant,  the  change  in 
the  phase  is  caused  by  a change  in  the  velocity  of  the  acoustic  wave. 

Consider  the  case  of  an  undisturbed  silicon  surface  -where 
the  reference  signal  is  cos  cut  and  -the  output  of  the  delay  line  is 
cos  (cot  + 0).  The  phase  difference  is 

0 = coL/Vg 


(3-5-1) 


'I^LW>J9»^LL* 
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Fig.  3*27  Multiexposure  Photograph  Shoving  the  Variation  of 
Mixer  Output  as  a P’unction  of  Frequency, 
t = 0.1  msec/div.,  V = 0.2  v/'div. 
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Fig.  3.28  SAW  Velocity  Disturbed  by  an  Externally  Applied 
dc  Bias 

(a)  Delay  Line  Output 

(b)  Input  to  the  Mixer 

(c)  Applied  dc  Voltage 

(d)  Mixer  Output  After  Filtering 
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where  L is  the  length  of  the  interaction  region  and  v is  the  velocity 

s 

of  the  acoustic  wave  which  is  a function  of  surface  potential. 

Assuming  is  the  dc  campone  t of  the  mixer  output,  which 
is  a sinuroidal  function  of  phase,  and  V„  is  its  peak  value  then. 


''o  ■ 

or 

\ = ^Coax 

from  (3»5“3)  we  get, 


(3.5-2) 


(3.5-3) 


v_  = (3.5-U) 

•i”'  <Vcm«> 

Using  Eqmtion  (3.5-^)  one  can  determine  experimentally  the  surface 
wave  velocity  as  a function  of  the  external  dc  bias  or  the  semicon- 
ductor surface  potential.  Tliese  curves  can  be  compared  to  the 
theoretical  cvirves  obtained  from  Equation  (2.1-3). 

The  theoretical  curves  are  shown  in  Figs.  2.15  and  2.20. 

The  change  in  SAW  velocity  from  metalized  surface  is  plotted  as  a 
function  of  the  semiconductor  conductivity  and  the  surface  potential. 
If  one  operates  the  SAW  convolver  at  low  level  signal,  the  absolute 
value  of  the  semiconductor  surface  potentleLL  can  be  obtained 
experimentally.  The  experimental  curve  will  be  shifted  to  the  right 
or  to  the  left,  according  to  the  type  of  surface  state,  by  the  amount. 


(3.5-5) 
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Thus,  similar  to  the  shift  in  the  C-V  curves  of  an  MOS  structtire  the 
density  of  surface  charge  Q , can  he  determined  by  the  shift  in 
the  SAW  velocity  vs.  dc  bias  c\irves.  Not  only  the  SAW  velocity  can 
be  used  to  determine  the  surface  chtirge,  but  in  principle  all  other 
SAW- semiconductor  interaction  peurameters  can  be  used  in  the  same  way. 
Althou^  the  measurements  of  the  change  in  SAW  velocity  are  very 
sensitive,  and  very  low  external  dc  bias  is  needed  compared  to  the 
dc  bias  needed  in  the  study  of  the  transient  response  of  the 
attenuated  rf  pulse,  the  Interpretation  of  the  experimental  results 


is  harder  and  it  is  beyond  the  scope  of  this  work. 


CHAPTER  IV 


SEMICONDUCTOR  SURFACE  SIECTROSCOPI  USING  THE  SAW  CONVOLVER 
4.1  Absorption  Process  in  Semiconductors 
The  most  direct  method  for  probing  the  band  structure  of 
semiconductors  is  to  meastire  the  absorption  spectrum.  In  the  absorption 
process ; a photon  of  a known  energy  excites  an  electron  from  a 
lower  to  higher  state.  The  absorption  is  expressed  in  terms  of  a 
coefficient  which  is  defined  as  the  relative  rate  of  decrease  in  the 
li^t  intensity  along  its  propeigation  path.  Several  possible  transi- 
tions exist  in  a semiconductor^  among  them  are:  band-to-band,  between 

impurities  and  bands,  transition  by  free  carriers  within  a band, 
between  sub-bands , excitons,  and  the  resonance  due  to  lattice  and 
impurities  vibration.  Each  of  the  above  possible  transitions  dominate 
the  absorption  process  at  different  photon  energies.  Our  study  is 
concerned  mainly  with  band-to-band  transition,  and  transition  between 
impurities  emd  bands.  A review  on  the  optical  process  in  semicon- 
ductors can  be  found  in  the  books  by  J.  I.  Pankov^^  and  T.  S.  Moss.^^ 
The  b8uad-to-band  transition  refers  to  the  excitation  of 
electrons  from  the  valence  band  to  the  conduction  b«uid.  Because 
the  momentum  of  a photon  (h/x  , where  A is  the  wavelength  of  light) 
is  very  small  compared  to  the  crystal  momentum  (h/a,  where  a is  the 
lattice  constant)  the  photon  absorption  process  should  conserve  the 
Bomentum  of  the  electron.  In  some  semiconductors  {GeAs,  CdS)  the 
minimum  of  the  conduction  band  and  the  maximum  of  the  valence  band 
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both  occur  at  h » 0,  hence  the  onset  of  absorption  will  occur  at 
hv  « Eg  as  a result  of  direct  transition.  Ihe  absorption  coefficient 
rises  rapidly  to  about  10^  cm“^  (GeJ\s)  due  to  the  high  probability 
for  this  transition.  Ihe  reason  for  the  high  probability  is  that  no 
change  in  momentum  occurs  dviring  this  tremsition.  In  some  semicon- 
ductors (si,  Ge)  the  minimum  of  the  conduction  band  occurs  in  a 
different  region  in  the  k space  from  the  maximum  of  the  vsG.ence  band. 
Optical  transition  req\aires  the  participation  of  photons  in  order  to 
conserve  momentum,  due  to  the  change  in  the  electron  wave  vector.  The 
Ihonons  may  be  absorbed  or  emitted  during  this  transition.  These 
indirect  transitions  occtir  with  lower  probability,  smd  give  rise  to 
absorption  edge  which  is  less  steep  than  for  direct  transition. 

Optic€Ll  trsuisition  between  states  in  the  energy  gap  and  the 
bands  occurs  for  photon  energy  less  than  the  gap  energy.  Absorption 
peaks  are  obtained  for  different  states  as  the  photon  energy  is 
chemged.  Although  the  density  of  finsG.  states  (in  the  band)  increases 
with  energy,  the  absorption  coefficient  due  to  the  transition  from 
impurity  state  to  conduction  beuid,  decreases  with  energy.  This 
decrease  of  the  absorption  coefficient  with  energy  beyond  the  broad 
peak  is  due  to  a rapid  decrease  of  the  transition  probability  away 
from  the  bottom  of  the  conduction  band.  The  reason  for  this  decrease 
is  that  the  Impurity  states  have  limited  extent  in  the  k space,  the 
probability  of  finding  electrons  in  the  impurity  state  is  higher  for 
V where  k^  is  the  wave  vector  at  the  bottom  of  the  conduction  band. 
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Indirect  twmsition  from  impurity  state  to  the  conduction  band  has 
8Q.SO  less  probability  due  to  requirements  of  momentum  conservation. 

Optical  excitation  of  carriers  will  both  change  the  semicon- 
ductor conductivity  and  the  charge  trapped  in  the  surface  state. 

These  changes  will  affect  the  semiconductor-SAW  interaction,  hence, 
it  is  possible  to  monitor  the  absorption  process  in  semiconductors 
by  measuring  the  SAW  convolver  attenuation,  acoustoelectric  voltage 
and  convolution  voltage  for  various  wavelengths  of  light.  In  this 
Chapter  semiconductor  spectroscopy  using  the  SAW  convolver  is 
presented.  The  semiconductors  used  in  this  study  are  CdS  and  2 |jm 
epitaxial  layer  GaAs  n on  n^ . 

k.2  Transverse  Acoustoelectric  Voltage  Inversion  and  its 
Application  to  Semiconductor  Surface  Study;  CdS 

Optical  generation  of  free  carriers  changes  the  electrical 
properties  of  the  semiconductor  space  charge  region.  The  dc  acousto- 
electric voltage  developed  during  the  nonlinear  space  charge  coupled 
SAW  semiconductor  interaction  is  strongly  dependent  on  the  electrical 
properties  of  the  semiconductor  space  charge  region,  hence,  it  can 
serve  as  a detector  for  optical  generation  of  free  carriers.  Figure 
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4.1  shows  a very  simple  equivalent  circuit  for  the  transverse  acousto- 
electric voltage.  The  circuit  includes  constant  capacitance  C^, 
such  as  the  substrate  and  air  gap  capacitances,  and  light  dependent 
capacitances  such  as  the  surface  state  emd  space  charge  capacitances. 
Hie  semiconductor  is  considered  to  be  under  weeds  depletion  condition. 
Under  heavy  inversion  condition  the  surface  state  capacitance  Cg 


1 
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ceua  be  assvmed  to  be  essentially  zero  (Cg«Cg).  The  high  input 
impedance  to  the  oscilloscope  has  a 1 M ft  resistance  and  20  pf 
capacitance  which,  under  most  of  the  conditions  of  the  experiment, 
has  very  low  effect  on  the  magnitude  and  the  decay  constant  of  the 
acoustoelectric  volteige.  It  is  observed  that  the  transverse  acousto- 
electric voltage  is  a transient  phenomena.  The  decay  constants 
depend  mostly  on  the  surface  state  capacitance  and  the  depletion 
layer  capacitance.  The  transverse  acoustoelectric  voltage  cheu:ges 
the  sTirface  state  capacitance  and  the  semiconductor  capacitance  with 
a time  constant  that  depends  mainly  on  the  population  and  depopula- 
tion of  the  surface  states  and  on  the  free  carrier  concentration 
within  a Debye  length  from  the  svirface  of  the  semiconductor,  thus 
causing  the  output  volteige  to  go  to  zero  owing  mainly  to  the 
discharging  of  the  surface  state  and  semiconductor  capacitance. 

The  transverse  acoustoelectric  voltage  inversion  is  strongly 
dependent  on;  (a)  the  light  intensity  illuminating  the  semi  conductor 
surface;  (b)  the  input  power  of  svirface  acoustic  wave;  (c)  incident 
jdioton  energy.  Typical  waveforms  are  shown  in  Fig.  4. 2 for  CdS  when 
it  is  illuminated  with  light  of  wavelength  499  The  length  of 

the  rf  pulse  is  2.5  msec.  In  Fig.  4.2a  it  is  observed  that  the  peak 
acoustoelectric  voltage  is  positive  at  the  beginning  of  the  rf  pulse. 
Reducing  the  light  intensity  reduces  the  peak  voltage  and  it  becomes 
negative  on  further  reduction.  Figure  4.  2b  shows  the  peak  voltage 
Inversion  immediately  after  the  light  source  is  removed.  The  peak 
voltage  switches  from  positive  to  negative  in  a very  short  time  and 
then  it  starts  to  decay  very  slowly  as  discussed  later  on. 
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The  dependence  of  the  transverse  acoustoelectric  voltage 
inversion  on  the  input  power  of  the  SAW  is  shown  in  Fig.  4. 3.  The 
plot  of  the  peak  acoustoelectric  voltage  as  a function  of  the  rf 
voltage  applied  to  the  input  transducer  shows  that  for  dark  condition 
the  peak  voltage  is  positive  for  10  V peak  to  peak  rf  voltage  and 
becomes  negative  for  lower  input  voltages.  The  switching  occtirs  at 
an  input  level  of  01.4  dB  and  a maximum  is  observed  at  -4  dB  attenua- 
tion of  the  input  voltage.  Beyond  that,  the  peak  transverse  voltage 
reduces  as  the  input  voltage  is  reduced.  The  acoustoelectric  voltage 
inversion  due  to  change  in  input  power  of  SAW  was  also  observed  when 
light  illtiminated  the  semiconductor  svirface  at  certain  wavelengths 
of  light.  This  will  be  discussed  later.  The  transverse  acousto- 
electric voltage  inversion  phenomena  is  discussed  in  detail  in 
Section  3»3» 

The  dependence  of  the  transverse  acoustoelectric  voltage 
inversion  on  the  incident  photon  energy  is  rhown  in  Fig.  4.4.  The 
cheuige  of  the  wavelength  of  light  between  470  nm  and  550  nm  results 
in  two  inversions  in  the  peak  voltage,  one  around  494  nm  and  the 
second  aroung  530  nm.  It  is  important  to  notice  that  at  wavelengths 
of  light  around  the  inversion  of  the  peak  voltage  quasi-steady  state 
condition  occurs.  Both  negative  and  positive  voltages  appear;  each 
having  different  amplitudes  and  different  time  constants  associated 
with  the  decay  of  the  voltages  to  zero. 

The  spectral  response  of  the  transverse  peak  acoustoelectric 


voltage  measured  at  the  beginning  of  the  rf  pulse  is  shown  in  Fig. 
4.  5 for  Grade  A CdS.  The  peak  voltage  is  normalized  to  the  radiant 


peck  acoustoelectric  voltage  (mV) 
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j output  fltoc  of  the  monochromator.  For  type  A crystal  the  peak 

} 

voltage  is  almost  constemt  for  wavelength  smaller  than  46^  nm. 

Around  493  nm#  a trsuasition  from  negative  peak  voltage  to  positive 
I>eak  voltage  occvirs.  Steady  state  condition  of  both  negative  and 
positive  peak  voltage  can  be  observed  at  4-94  nm.  Very  high  positive 
peak  voltage  maximum  occurs  at  500  nm  ^ich  reduces  to  zero  as  the 
wavelength  approaches  530  nm.  At  530  nm,  another  transition  of  the 
peeik  voltage  from  positive  to  negative  is  fo\and.  The  negative  peak 
voltage  Increases  to  a maximum  value  at  6l0  nm,  and  then  reduces  at 
higher  wavelengths  going  to  zero  at  800  nm.  A third  peak  acousto- 
electric voltage  inversion  is  observed  near  800  nm,  and  for  wave- 
lengths of  li^t  higher  than  800  nm  no  absorption  of  light  can  be 
detected  by  change  in  the  peak  voltage.  For  UHP  CdS,  the  spectral 
response  is  almost  the  same  for  the  above  bandgap  illumination  as 
shown  in  Fig.  4.6.  At  493  °m#  'w®  observe  transition  from  negative 
peak  voltage  to  positive  peak  voltage.  No  region  of  quasi-steady 
state,  where  both  negative  and  positive  peak  voltages  occur,  can  be 
observed  near  493  nm*  Die  maximum  of  positive  peak  voltsige  occurs  at 
530  nm  and  then  reduces  to  zero  at  640  nm.  There  is  a wide  range  of 
light  wavelengths  from  570  nm  to  640  nm  where  both  positive  and 
negative  peak  voltages  exist.  The  negative  peak  voltage  becomes 
maximum  at  78O  nm  and  then  decreases  without  showing  any  inversion 
for  wavelengths  around  8OO  nm  as  found  in  Grade  A CdS. 

Table  4.1  shows  the  experimental  results  observed  in  the 
spectral  response  of  Grade  A and  UHP  CdS. 
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energy  (eV) 
2.08  1.78 


Fig.  4.6  The  Spectral  Response  of  the  Peak  Transferse  Acoustoelectric  Voltage, 
Measured  at  the 'Beginning  of  the  rf  Pulse  in  UHP  CdS.  The  Transition 
Region  is  Shovn  by  Double  Value  of  Peak  Voltages  Associated  vTith  the 
Negative  and  Positive  Peak  Voltages  Appear  at  the  Beginning  of  the  rf 
Pulse.  The  Vertical  Scale  ds  Normalized  to  the  Radiant  Flux  Output  of 
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Grade  A 


Above  bandgap 
1 1 Ixanlnatlon 


Sub  bandgap 
illumination 


Transition  region  490-495 

Maximum  300 

Transition  region  530-534 

Maximum  6l0 

Treuisition  region  750-800 


570-640 


Table  4.1  Wavelength  (in  nm)  in  which  Peedt  Transverse  Acoustoelectric 
Voltage  Transition  or  Maxima  is  Observed  in  CdS. 


, The  spectral  response  of  the  pecik  transverse  acoustoelec- 

tric voltage  is  compared  to  the  photoconductivity  and  the  transmission 
spectrum.  Figure  4. 7 shows  the  photoconductivity  and  transmission 

t 

spectrum  measured  with  the  same  Bausch  and  Lomb  monochromator  and  an 
Epply  No.  8316  thermopyle  as  a detector.  The  curves  are  normalized 
to  the  output  radiant  flux  of  the  monochromator.  For  both  types  of 
crystals  a maximum  in  the  photoconductivity  is  observed  near  the 
absorption  edge.  The  maximum  is  directly  related  to  the  photosen- 
sitivity  of  the  crysteLl  being  larger  for  the  Type  A crystal. 

The  following  is  a svaanary  of  the  Important  experimental 
observations  presented  already  in  this  section.  In  the  next  section 
a possible  theoretical  model  will  be  discussed  to  explain  the 
following  main  observations: 


(a)  The  transverse  acoustoelectric  voltage  inversion  is  found  to  be 
strongly  dependent  on  the  wavelength  and  intensity  of  light 


k.'J  Hiotoconductivitv  and  Transmission  Spectrum  for  Grade  A and  UHP  CdS 


^ n iimi  nnf.i  ng  the  semiconductor  surface,  and  on  the  input  power 
of  SAW. 

(b)  For  Grade  A CdS  acoustoelectric  voltage  inversion  occurs  at 
wavelengths  of  light  around  493  nm,  530  nm,  and  790  nm*  Peak 
acoustoelectric  voltage  is  observed  at  500  nm  euid  6l0  nm. 

(c)  For  UHP  CdS  acoustoelectric  inversion  occurs  eurovind  493  n® 
between  575  nm  to  640  nm.  Peak  acoustoelectric  voltage  is 
observed  at  530  nm  and  78O  nm. 

(d)  Quasi-steady  state  condition  in  which  both  positive  and  negative 
peak  voltages  occur  can  be  observed  when  the  sample  is  illuminated 
with  light  of  wavelength  around  which  inversion  occurs.  It  is 
found  that  one  peak  is  very  sensitive  to  light  intensity  •vdiereas 
the  other  is  almost  independent  of  light  intensity.  As  the 

input  power  of  SAW  is  reduced,  the  magnitude  of  one  peak  decreases, 
whereas  that  of  the  second  peak  increases. 

(e)  Near  the  absorption  edge  a maximum  in  the  photoconductivity  is 
observed  for  both  types  of  crystals. 

The  dc  transverse  acoustoelectric  voltage  developed  on  the 
surface  of  the  semiconductor  will  change  the  surface  potential,  hence, 
a depletion  layer  or  inversion  layer  can  be  formed  depending  on  the 
magnitude  of  this  dc  voltage.  An  inversion  layer  on  the  semicon- 
ductor surface  is  easily  detected  by  the  inversion  of  the  transverse 
acoustoelectric  voltage.  The  high  sensitivity  of  the  acoustoelectric 
voltage  inversion  on  intensity  and  wavelength  of  light  illvuninating 
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the  semiconductor  surface,  and  on  power  input  of  the  SAW  can  be 
explained  as  follows:  The  power  input  of  SAW  determines  the  magnitude 

of  the  dc  acoustoelectric  voltage  hence,  for  low  input  power  no 
inversion  is  observed.  The  semiconductor  photoconductivity  of  both 
the  bulk  and  the  surface,  depends  on  (a)  the  wavelength  of  incident 
light,  and  (b)  the  intensity  of  incident  light.  As  the  magnitude  of 
the  transverse  acoustoelectric  voltages  is  related  to  semiconductor 
conductivity,  the  inversion  produced  by  this  dc  voltage  is  also 
dependent  on  the  wavelez^gth  and  Intensity  of  light. 

The  spectral  response  of  the  x>e8ik  transverse  acousto- 
electric voltage  was  used  to  determine  the  energy  band  and  surface 
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state  location  in  the  energy  bemd  of  GaAs.  This  method  becomes  even 
more  sensitive  for  CdS  due  to  large  photoconductivity  which  res\alts 
in  the  acoustoelectric  voltsige  inversion  phenomena.  The  spectral 
response  of  the  peak  acoustoelectric  volteige  shows  that  almost  no 
absorption  of  photons  occurs  for  photon  energy  smaller  than  I.5  eV. 

It  is  reasonably  to  assTane  that  for  very  high  resistivity  material 
the  dc  acoustoelectric  voltage  -vdiich  develops  right  on  the  surface  of 
the  semiconductor  causes  deep  depletion  to  the  semiconductor  stirface, 
thiis  very  low  positive  voltage  associated  with  an  n-type  s\arface 
appears  for  energy  smaller  than  I.5  eV.  For  low  resistivity  material 
(UHP)  optlced.  generation  still  exists  at  this  range,  thus,  negative 
peeJc  voltage  associated  with  a p-type  surface  appears  for  energy 
smaller  than  1.5  eV. 
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The  svib  bandgap  spectrum  is  very  similar  to  the  sub  bandgap 
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spectrum  of  the  surface  jAiotovoltage  reported  for  CdS.  ■*  Incident 
£botons  with  an  energy  hv  = excite  electrons  from  the  valence 

band  into  the  unoccupied  stirface  states.  Thus,  the  net  negative 
charge  located  in  the  surface  increases.  The  free  holes  created  in 
the  veLLence  band  rapidly  recombine  in  the  bvilk,  as  the  minority 
carrier  lifetime  in  CdS  is  extreaelj  small.  Conservation  of  charge 
reqxiires  a corresponding  increase  h.  ne  barrier  height.  This 
mechanism  together  with  the  dc  acoustoelectric  voltage  which  tends  to 
deplete  the  semiconductor  stirface  will  cause  an  inversion  layer  on 
the  semiconductor  surface.  The  threshold  photon  energy  of  the  acousto- 
electric inversion  is  E^  - E^  = I.61  eV,  accordingly  the  number  of 
thermally  activated  transitions  from  or  into  the  conduction  and 
valence  bands  is  negligible. 

The  second  deep  level  sTirface  states  at  E - E.  = 2.05  eV 

c t 

is  found  to  be  deep  level  oxygen  level,  hence,  this  is  an  extrinsic 
level  whereas  the  first  one  is  an  intrinsic  level.  Although  the  traps 
are  located  below  the  Fermi  level  they  are  not  completely  filled. 

This  type  of  non  equilibrium  configuration  can  exist  provided  the 
rate  of  trapping  of  free  electrons  from  the  conduction  band  is  very 
small.  Another  possiblbility  for  the  increase  in  the  surface  poten- 
tial is  that  the  excitation  takes  place  from  the  surface  states  to 
the  conduction  band.  Due  to  the  electric  fields  existing  in  the 
space  charge  and  the  dc  acoustoelectric  field,  these  electrons  will 
be  removed  from  the  surface.  The  deep  acceptor  level  will  immediately 


'I 


capture  electrons  from  the  valence  hand^  causing  a net  positive 
charge  on  the  sxirface.  Conservation  of  charge  requires  a corresponding 
Increase  in  the  surface  potential,  hence,  an  inversion  layer  will 
occur.  It  is  reasonable  to  ass\]ne  that  direct  excitation  from 
surface  state  to  conduction  band  occurs  for  E - E.  = 2.05  eV,  whereas 

C u 

direct  excitation  from  the  valence  band  to  s\arface  state  occurs  for 

E - E.  » 1.6l  eV  (E.  - E = 0.8  eV). 
c t 'tv 

The  wiAvinnim  near  the  absorption  edge  in  the  photoconduc- 
tivity response  measvired  as  a function  of  the  illuminating  wave- 
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length  is  due  to  the  difference  between  surface  and  volume  absorption. 
For  both  types  of  crystals  we  can  assume  that  the  surface  recombina- 
tion and  hence,  the  lifetime  for  surface  excited  carriers  is  indepen- 
dent of  the  bulk  condition,  and  that  the  surface  lifetime  is  much 
smaller  than  the  bulk  lifetime.  The  maximum  in  the  photoconductivity 
spectral  response  occurs  irtien  a transition  is  made  from  surface  to 
volme  absorption  with  increasing  wavelength.  The  magnitude  of  the 
mftiHTmun  is  directly  related  to  the  photosensitivity  of  the  crystal. 

Thus,  for  Grade  A crystal  we  observe  a very  large  peak  in  the  photo- 
condxictlvity,  two  orders  of  magnitude  greater  than  that  for  the  UHP. 


In  agreement  with  photoconductivity  spectrum,  the  acoustoelectric 
voltage  spectrum  near  the  absorption  edge  shows  zero  volteige  for 


Grade  A and  maximum  for  the  UHP  around  light  wavelength  of  530  nm  or 


The  appearemce  of  the  zero  acoustoelectric  voltage  when 


band  to  band  transition  occurs,  is  due  to  a large  Increase  in 
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photoconductivity  whereas  the  zero  voltage  at  800  nm,  where  transi- 
tion from  the  band  to  surface  states  occxirs,  is  due  to  an  increase  in 
surface  conductivity,  which  is  not  obsenred  in  the  photoconductivity 
spectrum.  Comparison  of  the  peak  volteige  maximum  for  UHP  at  530  nni 
and  at  78O  nm  shows  that  for  direct  excitation  of  electrons  from  the 
valence  band  to  the  surface  states,  only  minority  carrier  concen- 
tration increases,  and  very  smaJl  dc  transverse  acoustoelectric 
voltage  is  developed,  -wtiere&s  near  the  absorption  edge,  generation  of 
free  electrons  and  holes  occurs  and  much  higher  dc  acoustoelectric 
voltage  is  developed  right  on  the  surface. 

The  spectral  response  of  the  peak  voltage  with  photons  of 
above  bandgap  energy  results  from  the  dependence  of  the  penetration 
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depth  of  light  on  photon  energy.  On  going  from  530  ™ to  49O  nm 
the  magnitude  of  the  absorption  length  decreases  by  a factor  of 

approximately  three,  thereby  increasing  the  free  carrier  generation  ’ 

rate  near  the  surface.  Thus,  even  though  the  photoconductivity  is 
decreasing  as  shown  in  Fig.  4.7,  surface  conductivity  is  increasing  ’ 

for  very  high  photon  energy  and  very  small  constant  acoustoelectric  i 

voltage  appears.  At  photon  energy  of  2.53  eV  ('\<493  nm)  the  light  ] 

1 

* 

starts  to  penetrate  inside  the  semiconductor,  euid  a very  high  dc 
acoustoelectric  voltage  starts  to  be  developed  right  on  the  surface 
of  the  semiconductor.  The  transition  between  very  high  photocon- 
ductivity near  the  absorption  edge  to  very  high  sTorface  conductivity 
at  photon  energy  well  above  the  energy  band  accomp)anies  two  n\ills  of 
acoustoelectric  voltage.  This,  in  turn,  produces  a very  high  positive 


naxinnan  peak  voltage  at  2.5  eV  for  Grade  A CdS. 

Table  4.2  svamnarizes  the  observed  s\arface  states  and 
absorption  edge  for  Grade  A and  UHP  CdS. 


Grade  A 


Table  4.2  Observed  Surface  States,  Absorption  Edge  and  Surface 
Absorption  in  CdS 


Determination  of  Absorption  Edge>and  Sxirface-State  Locations 


the  SAW  Convolver 


In  Sections  4.3  4.4  we  present  experimental  results 

for  semiconductor  spectroscopy  using  a 2 pm  epiteixial  layer  of  GeiAs 
n on  n^.  The  epitaxieUL  layer  resistivity  is  0.7  ohm-cm  (n  ^ 5 10^^)- 
The  extrinsic  Debye  length  is  of  the  order  of  0.06  pirn.  The  semi- 
infinite approximation  cannot  be  used  in  this  case  as  the  SAW  wave- 
length is  larger  than  the  epitaxial  layer  thickness  (X  = 70  p®)* 

The  exact  solution  for  the  finite  thickness  semiconductor  is  presented 
in  Section  2.2.4.  Due  to  the  large  difference  between  the  SAW  wave- 
length 70  pm)  said  the  extrinsic  Debye  length,  the  main  contribu- 
tion to  the  electric  fields  inside  the  sem1 conducor  is  from  the  last 


two  terns  in  the  linear  combination  (A^  and  of  Equation  (2.2-23a), 


The  first  one  is  an  exponential  decay  with  very  short  decay  constant 


((yk)"^ = Ljj) , the  second  one  increases  exponentially  with  distance  away 


from  the  semiconductor  svirface,  with  the  same  decay  constant. 


However,  for  extrinsic  semiconductor  A^  is  several  orders  of  magni- 
t\ade  larger  than  Aj^  (A^/Aj^  » 1),  as  seen  in  Eq\xation  (2.2-23b). 


Hence,  we  shall  ignore  the  contribution  of  the  last  term  to  the 


electric  field,  and  assume  that  the  interaction  region  is  of  the 


order  of  a Debye  length.  In  order  to  check  the  validity  of  this 


assumption,  we  shall  repeat  the  spectral  response  of  this  thin 


epitaxial  layer  under  accumulation  condition  in  Section  4.4  and 


compare  the  results  to  those  obtained  under  no  external  dc  bias 


presented  in  Section  4.3* 


Figure  4.8a  shows  an  oscilloscope  trace  of  the  dark  trans- 


verse acoustoelectric  voltage  for  a 1 msec  rf  pulse.  The  time 


constant  associated  with  the  acoustoelectric  voltage  pulse  is 


approximately  20  p.sec.  The  wavelength  of  sample  illumination  is 
increased  monotonically  for  successive  traces.  Figure  4.8b  shows 


the  acoustoelectric  voltsige  for  light  of  0.9  Mm  wavelength,  shining 


vertically  on  the  bottom  of  the  delay  line.  It  is  noted  that  the 


acoustoelectric  voltage  increases  and  that  the  time  constant  increases 


to  a value  of  1 msec.  The  spectral  response  of  the  peadc  transverse 


acoustoelectric  voltage  is  shown  in  Fig.  4.9.  The  acoustoelectric 


voltaige  is  normalized  to  the  radiant  flux  output  of  the  monochromator. 


It  is  noted  that  there  are  three  distinct  peaks  labeled  A,  B,  and  C 


*.6  Acoustoelectric  Voltage  for  Various  Wavelengths  of  Light.  Horizontal 
Scale:  0.2  msec/div..  Vertical  Scale:  0.1  mV/div.  (a)  No  Light; 

(bi  Wavelength  0.9  (c)  V/avelength  1.26  (jn;  (d)  Wavelength  1.7*+ 

■>+orizontal  Scale:  0.1  msec/div.). 
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ACOUSTOELECTRIC  VOLTACE 


Fig.  4.9  Plot  of  Peak  Acoustoelectric  Voltage  as  a Function  of  the  Wavelength 
of  Light.  Peaks  Labeled  A,  B,  and  C are  at  0,^,  1.26,  and  1.t4  pm. 
Respectively.  Hie  Vertical  Scale  is  Normalized  to  the  Radiant  Flux 


at  0.9,  1.26,  and  or  I.38,  O.98,  and  0.7I  eV,  respectively. 

Figures  4.9c  and  4.9d  show  the  other  two  maxima  in  the  acoustoelectric 
voltage.  It  is  obvious  that  these  two  maxima  are  different  from  the 
first  one.  They  have  two  different  time  constants,  the  first  one  is 
short,  approximately  20  psec,  which  is  very  similar  to  the  time 
constemt  of  dark  condition,  followed  by  a very  long  time  constant, 
approximately  1 msec.  Figure  4.10  is  the  attenuation  of  the  delay 
line  as  the  wavelength  of  the  light  is  varied.  Zero  attenuation 
corresponds  to  the  output  of  the  delay  line  in  dark  condition.  The 
attenuation  is  normalized  to  the  radiant  flux  output  of  the  monochro- 
mator. The  peaks  labeled  A,  B,  euid  C are  at  the  same  wavelengths  as 
in  Fig.  4. 9* 

The  experimental  results  suggest  that  the  peak  A in  the 
acoustoelectric  voltage  is  associated  with  bemd-to-band  transitions 
leading  to  generation  of  free  carriers.  Under  subbeuid-gap  illumina- 
tion there  is  discrete  electron  transition  from  the  surface  states 
to  the  conduction  band  leading  to  an  increase  in  free- carrier 
concentration,  -vrtiich  gives  rise  to  peaks  labeled  B and  C. 

The  acoustoelectric  current  is  the  time  avirage  of  the 
product  of  the  surface  conductivity  and  the  electric  field;  thus, 
the  nw.viTna  of  the  transverse  acoustoelectric  voltage  occur  when  the 
photon  energy  is  such  that  there  is  transition  of  electrons  from 
surface  state  to  conduction  band.  Although  the  contributions  of 
electrons  and  holes  to  the  acoustoelectric  voltage  are  of  opposite 


ATTENUATION 


Fig,  4.10  Plot  of  Delay  Line  Attenuation  as  a Function  of  Wavelength  of  the 
Light.  Peaks  Labeled  A,  B,  and  C are  at  0.9,  1.26,  and  1.74 
Respectively.  The  Vertical  Scale  is  Arbitrary  and  is  Normalized  to 
the  Radiant  Flux  of  the  Monochromator. 
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polarity.  The  contribution  of  holes  can  be  ignored  due  to  their 
gm^n  mobility  compared  to  the  electron  mobility. 

The  attenuation  is  a function  of  the  semiconductor  surface 
conductivity.  It  increases  to  a maximum  value  and  then  decreases  as 
the  sem:..conductor  surface  conductivity  is  increased.  Thus,  as  we 
follow  the  increasing  part  of  this  curve  we  get  maxima  of  attenuation 
■vdienever  the  semiconductor  conductivity  increases.  The  transverse 
acoustoelectric  voltage  emd  the  attenuation  dependence  on  the  semi- 
conductor conductivity  is  very  similar,  hence,  we  get  the  peaks  of 
their  response  curve  at  the  same  wavelength  of  light. 

The  time  constant  of  the  transverse  acoustoelectric  voltage 
is  short  ( 'v20  nsec)  for  the  dark  condition  and  becomes  longer 
('V  1 msec)  -vrtien  the  sample  is  illinninated.  Still  there  is  a definite 
difference  between  the  time  constsmts  of  the  band-to-band  transition 
and  the  siu:face-state-to-conduction-band  transition.  The  possible 
reason  for  the  long  time  constant  of  the  bauid-to-band  transition  is 
that  the  recombination  process  ivxvolves  two  deep-level  recombination 
centers  below  the  Fermi  level  which  are  filled  with  electrons.  This 
gives  short  lifetime  for  minority  carriers  but  long  lifetime  for 
majority  ceu-riers.  The  over-all  time  constant  also  includes  the 
time  constant  of  the  external  circuit  which  ranains  constant  for 
various  light  Illuminations.  Thus,  only  the  relative  time  constant 
to  dark  condition  was  measured,  not  the  absolute  value. 
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The  surface-state-to-conduction-hand  transition  has  two 
different  time  constants.  The  first  time  constant  is  very  short 
possibly  due  to  fast  recombination  centers.  After  the  fast 
recombination  centers  reach  the  steady-state  condition  the  process 
continues  with  a long  time  constant,  because  it  involves  generation 
and  recombination  of  carriers  from  deep-level  centers  in  which  the 
extrinsic  generation  rate  is  much  larger  than  the  thermal  generation 
rate  and  recombination  rate.  Thus,  the  population  and  depopulation 
processes  of  surface  states  are  exponential  with  time  and  are  charac- 
terized by  very  large  time  constants.  Measurement  of  surface- state 
locations  in  GaAs  was  reported  previously^^^ by  measuring  the  photo- 
voltage under  svibband-gap  illumination  and  the  capacitance  of  Schottky 
barrier  diodes;  surface-state  locations  are  in  excellent  agreement 
with  the  results  reported  here.  The  absorption  edge  obtained  here  is 
1.38  eV  compared  to  1.43  eV  in  the  literature.  This  may  be  due  to 
the  large  bandwidth  of  the  monochromator  (I5  nm).  When  the  bandwidth 
is  reduced  the  peaks  become  very  narrow  and  the  position  of  the  peaks 
can  be  measured  more  accurately. 

4.4  Semiconductor  Spectroscopy  using  the 
Transient  Delay  Line  Attenuation 

Semiconductor  spectroscopy  using  the  SAW  convolver  output 
as  a detector  has  w Importauit  advantage,  that  it  is  possible  to  apply 
an  external  dc  bias  during  the  spectroscopy.  The  dc  bias  will 
determine  the  semiconductor  surface  potentied  prior  to  the  applica- 
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tion  of  the  light,  ilius^  it  is  possible  to  fill  or  entity  traps 
prior  to  the  application  of  the  light.  When  optical  absorption  occurs 
the  interaction  is  dominated  by  a «man  region  in  the  energy  band 
vhich  is  determined  by  the  external  dc  bias. 

An  oscilloscope  trace  of  the  delay  line  output  for  different 
wavelengths  is  shown  in  Fig.  4.11.  The  semiconductor  is  GaAs  0.7  ohm- 
cm  (2  (jm  epitaxial  layer)  and  the  external  dc  bias  is  such  that  the 
semiconductor  svirface  is  depleted.  It. is  observed  that  the  thermal 
relaxation  of  deep  level  surface  states  is  much  faster  iidien  direct 
optical  excitation  from  surface  states  to  conduction  band  occurs. 

In  addition,  the  steady  state  attenuation  varies  with  the  photon 
energy  as  observed  in  Fig.  4.12.  The  three  mavIniA  a,  B.  and  C are 
at  0.86,  13  |jm,  and  1.74  pm,  or  at  1.45  eV,  O.95  eV  and  O.71  eV 
respectively.  These  values  are  very  similar  to  the  maxima  obtained 
in  the  transverse  acoustoelectric  spectroscopy.  Thus,  the  absorp- 
tion edge  and  the  deep  level  surface  states  can  be  detected  also  by 
the  delay  line  attenuation  during  an  external  applied  dc  bias.  The 
dc  bias  improves  very  much  the  sensitivity  of  the  detection  system, 
even  thou^  no  new  resiilts  appear  compared  to  the  detection  by  the 
delay  line  output  without  an  external  dc  bias. 

In  order  to  be  able  to  detect  shallow  traps  which  are 
usxially  empty  and  hence,  do  not  contribute  to  the  optical  generation, 
the  dc  bias  will  be  such  that  the  semiconductor  surface  is  accumulated 
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Fig.  4.11  Attenuated  Delay  Line  Output  for  n on  n GaAs,  when 

an  External,  dc  Voltage  is  applied  Across  the  Semicon- 
ductor and  LilfbO  such  that  the  Semiconductor  Surface 
is  Depleted.  Vertical  scale:  5 mV/div.  Horizontal 

scale:  0.2  ms/div.  V,  = 250  V.  (a)  Ho  Light; 

(b)  Wavelength  of  Light  0.t6  un;  (c)  Wavelength  of 
Light  1.3  um;  (d)  Wavelength  of  Light  1.74  tm. 
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Fig.  4.12  Plot  the  Attemiation  of  Delay  Line  Output  for 

n on  n GaAs,  as  a Function  of  the  Wavelength  of  Light. 
The  Attenuation  is  Meastired  at  the  End  of  the  External 
dc  Pulse.  Peaks  Labeled  A>  B,  and  C are  at  0.86  |jjn, 
1.3  and  1.74  pjn  respectively.  The  Vertical  Scale 
is  Normalized  to  the  Radiemt  Flux  Output  of  the 
Monochromator . 
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and  we  observe  the  relaxation  in  the  delay  line  output  after  the  dc 
bias  is  removed.  Figure  4.13  shows  the  releucation  for  different 
wavelengths.  As  can  be  observed  from  the  spectral  response  of  the 
decay  time,  (Fig.  4.l4)  only  the  deep  level  and  the  absorption  edge 
can  be  detected  with  very  hi^  sensitivity. 

Although  no  new  information  appears  from  the  transient 
delay  line  attenuation  spectroscopy,  it  is  important  to  emphasize 
that  the  sensitivity  of  the  detection  system  is  very  high,  and  it 
has  the  advantage  that  it  is  much  more  convenient  to  apply  an  external 
dc  while  measuring  the  attenuation,  than  -vdiile  measuring  the  dc 
acoustoelectric  voltage. 

We  have  pointed  out  at  the  introduction  to  Section  4. 3,  that 
due  to  the  thin  layer  of  epitaxial  layer  GaAs  used  in  this  study,  it 
is  possible  that  the  electric  field  will  penetrate  beyond  the 
extrinsic  Debye  length  (0.06  |jm)  and  the  interaction  region  may 
Include  part  of  the  bulk  region  too.  Our  experimental  results 
suggest  that  there  are  no  bulk  contributions  in  o\ar  res\ilts,  since 
the  semiconductor  spectroscopy  shows  the  same  peaks  while  accumula- 
ting the  semiconductor  s\arface. 

4.5  The  Spectral  Response  of  the  Convolution  Voltage 

Similar  to  the  delay  line  attenuation  it  is  possible  to 
apply  an  external  dc  bias  to  the  semiconductor-delay  line  structure 
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Fig.  4.13  Attenuated  Delay  Line  Output  for  n on  n^  GaAs,  when 

External  dc  Voltage  is  Applied  Across  the  Semiconductor 
and  LiNbO  such  that  the  Semiconductor  Surface  is 
Accumulated.  Vertical  scale:  5 mV/div.  Horizontal 

scale:  1 ms/div.  V = 250  V.  (a)  Ho  Light;  (b) 
Wavelength  of  Light  8.86  jjn;  (c)  Wavelength  of  Light 
1.3  pm;  (d)  Wavelength  of  Light  1.74  ^jn. 


ENERGY,  ( eV) 


WAVELENGTH,  ( nm) 


Fig.  4.l4  Plot  of  the  Time  Constant  Associated  with  the  R^t\irn 
to  Steady  State  in  Delay  Line  Output  for  n on  n GaAs, 
as  a Function  of  the  Wavelength  of  Light.  Peaks  Labeled 
A,  B,  and  C are  at  0.86  |jm,  I.3  P®,  1.T4  pm. 
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while  measuring  the  convolution  voltage.  Although  the  output  port 
of  the  convolution  voltage  is  the  same  as  the  input  port  for  the 
external  dc  bias,  it  is  easy  to  separate  them  due  to  the  large 

difference  in  the  frequency  remge.  Whereas  it  is  much  more  difficvilt 
to  apply  the  dc  bias  idiile  measuring  the  dc  transverse  acoustoelectric 
voltage. 

The  schematic  of  the  experimental  set-up  for  observing  the 
spectral  response  of  the  convolution  voltage  is  shown  in  Fig.  4.15. 
Adding  the  splitter  to  the  system,  results  in  the  autoconvolution  of 
the  input  modulations  with  twice  the  input  frequency.  Figure  4.l6  is 
the  spectral  response  of  the  delay  line  attenuation,  acoustoelectric 
voltage,  and  the  convolution  voltage  for  Grade  A CdS.  All  three 
parameters  show  maximum  near  the  absorption  edge,  but  it  is  observed 
that  only  the  acoustoelectric  voltage  is  sensitive  enough  to  the 
subband-gap  illimiination.  This  is  due  to  the  difference  in  the 
output  Impedance  of  the  measuring  system.  The  acoustoelectric 
voltage  is  measTired  on  2 M-ohm  output  impedance,  whereas  the  convolu- 
tion voltage  and  the  delay  line  attenuation  have  50  ohm  output 
impedance. 

We  can  conclude  that  the  transverse  acoustoelectric  voltage 
has  the  best  sensitivity  for  detecting  optical  generation  in  a 
semiconductor.  By  applying  an  external  dc  bias  to  the  SAW-semicon- 
ductor  structure  the  transient  delay  line  output  also  can  be  used 
with  very  good  sensitivity  to  optical  generation  in  a semiconductor. 
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Fig.  4.16  The  Spectral  Response  of  (a)  the  Convolution  Voltage,  and  SAW  Attenuation 
(b)  the  Beak  Trsuisverse  Acoustoelectric  Voltage.  The  Vertical  scale  is 
^naallzed  to  the  Radiant  Flux  Output  of  the  Monochrcnator. 
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The  space  charge  coupled  Interaction  between  s\irface 


conductor  placed  a i distance  above  the  delay  line  can  be  used 


for  nondestructive  evaluation  of  semiconductor  surfaces.  The  semi 


conductor-SAW  interaction  results  in  attenuation  of  the  SAW,  changes 


in  the  SAW  velocity,  dc  acoustoelectric  volteiges^  and  the  ac  convo 


lution  voltages.  These  parameters  depend  on  the  electrical  properties 


of  the  semiconductor,  such  as  the  semiconductor  conductivity,  and 


In  most  cases  of  interest 


■vdiich 


on  which  one  is  smaller.  The  surface  conductivity  determines 


directly  the  strength  of  the  interaction,  whereas  the  charge  trapped 


indirectly,  throuf^  the  semiconductor  surface  potential 


We  developed  the  theory  needed  for  nondestructive  evalua 


tlon  of  semiconductor  surface  using  the  SAW  convolver.  Two  main 


The  first  one  is  the  SAW-semiconductor 


interaction  for  high  resistivity  materials  in  near  flatband  condl 


tlon  (l.e.,  the  carrier  density  near  the  semiconductor  surface  is 
considered  constant  and  equal  to  the  bulk  density).  For  this  case 


majority  and  minority  carrier  Interaction  is  considered.  We  have 
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shown  that  for  the  infinite  thiclmess  approximation  (d»  where  d 
is  the  semiconductor  thiclmess,  and  A is  the  SAW  wavelength) 
simple  analytical  expressions  can  be  obtained  for  the  propagation 
loss,  change  in  SAW  velocity,  dc  tremsverse  acoustoelectric  voltage, 
and  convolution  voltage.  The  cmalytlcal  expressions  are  valid  for 
frequencies  smaller  than  200  MHz  and  semiconductor  resistivities 
smaller  than  100  ohm-cm.  For  resistivities  higd^er  than  100  ohm-cm, 
the  cmalytlcal  expression  becomes  very  complicated,  especially  if 
one  considers  the  case  where  the  surface  recombination  is  not 
negligible.  The  carrier  lifetime  has  to  be  considered  only  for 
those  materials  \ihere  the  lifetime  is  very  short  compared  to  the 
SAW  frequency.  The  surface  recombination  velocity  in  addition  to 
its  effect  on  the  surface  effective  lifetime,  determines  the  perpen- 
dicular current  density  on  the  sem.  iuctor  surface  and  for  materials 
of  very  high  surface  recombinati  'ocity  (above  100  cm/sec)  it 
reduces  both  the  attenuation  and  the  voltages  developed  in  the  semi- 
conductor. For  finite  semiconductor  thiclmess  an  exact  nvanerlcal 
solution  is  used  to  obtain  the  SAW-semiconductor  interaction  para- 
meters. 

When  the  semiconductor  is  biased  externally  such  that  bemd 
bending  occurs,  and  the  semiconductor  surface  is  in  off  flatband 
condition  (i.e.,  the  cemrler  density  near  the  surface  is  not  constemt), 
the  bulk  conductivity  is  replaced  by  an  effective  surface 
conductivity.  The  effective  surface  conductivity  for  a known 


i 
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senlconductor  surface  potenticG.  is  found  by  averaging  the  excess 
carrier  density  over  the  space  charge  region,  and  multiplying  it  by 
the  carrier  surface  nobility.  In  the  case  of  depletion  the  space 
charge  region  is  the  depletion  layer  width,  in  the  case  of  accumu- 
lation or  inversion,  the  space  charge  region  is  equal  to  twice  the 
center  of  mass  defined  by  Equation  (2.3-12).  Computer  plots  of  the 
SAW-semiconductor  Interaction  parameter  as  a function  of  the  semi- 
conductor surface  potential  are  shown.  For  the  propeigation  loss  and 
the  convolution  voltage  we  observe  two  maxima,  one  in  the  accumula- 
tion region,  and  the  second  in  deep  depletion.  For  the  acousto- 
electric volteiges,  in  aidditlon  to  the  two  maxima,  an  inversion  in 
the  sign  of  the  voltages  is  observed.  The  exact  solution  for  the 
off  flatband  condition  is  also  presented.  The  fourth-order  linear 
differential  equation  with  non-constant  coefficient  \diich  is  obtained, 
requires  a very  difficult  numerical  solution.  However,  it  is  clear 
that  the  exact  solution  should  include  the  dc  field  caused  by  the 
band  bending.  For  accTsoulatlon  and  shallow  depletion,  the  average 
surface  conductivity  is  a good  approximation  to  the  off  flatband 
interaction. 

The  SAW  convolver  is  used  to  determine  the  distribution  of 

-2  -1 

the  density  of  surface  states  (cm  eV  ),  and  majority  carriers 
capture  cross  section  (cm  ) in  the  energy  gap.  By  applying  an 
external  dc  bias  across  the  semiconductor  delay  line  structure,  we 
can  observe  the  transient  response  of  the  delaiy  line  output.  This 


result  in  a relaxation  effect  in  the  semiconductor  surface  conduc- 
tance. The  results  obtained  agree  vlth  the  already  known  distribu- 
tion of  surface  states  in  the  energy  gapj  it  is  constant  at  the 
middle  of  the  gap,  and  it  increases  toward  the  conduction  band.  The 
capture  cross  section  is  constant  in  the  middle  of  the  gap  and  it 
decreases  toward  the  conduction  band. 

Riotoconductlvlty  measurements  using  the  SAW  convolver  to 
monitor  the  semiconductor  conductivity  decay,  after  a flash  of  light 
is  applied  to  the  semiconductor,  is  also  presented.  For  low-level 
generation  we  can  assume  that  the  delay  line  attenuation  varies 
linearly  with  the  semiconductor  conductivity,  hence  the  photocon- 
ductivity response  time  can  be  obtained  by  the  delay  line  output 
decay.  Experimental  results  of  Si,  CdS,  GaAs  are  presented;  their 
response  times  agree  very  well  with  the  known  lifetimes  of  these 
materials. 

Semiconductor  spectroscopy  using  the  SAW  convolver  as  a 
detector  for  opticeil  absorption  by  a semiconductor  is  presented.  In 
this  case  we  use  both  the  delay  line  attenuation  and  the  transverse 
acoustoelectric  voltage  to  monitor  changes  in  the  semiconductor 
conductivity,  or  the  charge  trapped  in  the  surface  states,  due  to 
optical  excltaion.  For  GaAs  we  were  able  to  detect  two  deep  level 
surface  states,  and  the  absorption  edge.  For  high  resistivity  CdS, 
the  detection  system  is  much  more  sensitive  as  we  observed  not  only 
maxima  and  minima  in  the  spectral  response  of  the  delay  line  attenua- 
tion euid  transverse  acoustoelectric  voltage,  but  in  addition. 


tran0verse  acouatoelectric  voltage  inversion  is  obtained  at  certain 
Ihoton  energy. 

In  conclusion,  this  report  presents  the  basic  physical 
understanding  for  the  SAW-semiconductor  interaction,  needed  fdr  non- 
destzuctive  evaluation  of  semiconductor  surfaces  and  demonstrates  it 
by  several  experiments  in  idiich  the  SAW  convolver  is  used  to  obtain 
electrical  properties  of  semiconductor  surfaces. 
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